An Observation-Based Study of Gulf Stream Position, Width, Orientation, Marine Hydrokinetic Energy, and Meander Kinematics off Cape Hatteras, NC by Muglia, Michael
AN OBSERVATION-BASED STUDY OF GULF STREAM POSITION, WIDTH, 
ORIENTATION, MARINE HYDROKINETIC ENERGY, AND MEANDER KINEMATICS 












A dissertation submitted to the faculty at the University of North Carolina at Chapel Hill in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the Department 

























Michael Muglia: An Observation-Based Study of Gulf Stream Position, Width, Orientation, 
Marine Hydrokinetic Energy, and Meander Kinematics off Cape Hatteras, NC 
(Under the direction of Harvey Seim) 
 
 Gulf Stream (GS) observations off Cape Hatteras, NC are used to: develop a method to 
determine the variability in the landward GS edge, orientation, and width of the Cyclonic Shear 
Zone (CSZ); determine spatial and temporal Marine Hydrokinetic Energy (MHK) variability, 
shearing, and susceptibility to turbulent mixing in the water column to inform MHK 
development; and investigate meander kinematics.  
The method uses radial velocity measurements from surface current-mapping High 
Frequency Radars (HFRs) during November 2014 to provide estimates of GS properties with 
daily temporal resolution. Estimated quality decreases with range from the radars. Cross-
correlations between radar estimates in the same region range from 0.61-0.82 for the GS edge 
and 0.65-0.77 for the jet.  GS CSZ width metrics range from mean values of 29 to 32 km.  Daily 
GS orientation estimates are affected by the crossing angle of the radial bearing relative to the 
GS. Meander propagation speed estimates double from 2.88 km/hr south of the cape, to 5.69 
km/hr just east of it.  
Multi-year measurements of current, salinity, and temperature from fixed and vessel 
mounted sensors quantify MHK resource variability and inform development. Currents from a 
fixed Acoustic Doppler Current Profiler (ADCP) exceed 1 m/s 64% of the time 40 meters below 
 iv 
the surface. Current reversals from the mean GS direction occur several times a month. Shear 
maxima approach 0.06 s -1. Near-inertial internal waves contribute to turbulent mixing. Vessel 
transects across the GS demonstrate velocity structure depends upon whether the GS is against 
the shelf slope or offshore. 
  Meander kinematics are investigated by comparing current measurements and Sea Surface 
Temperatures (SSTs) during November 2014. Increase and deepening times for the downstream 
current with approaching crests is often longer than that for the decrease and shoaling, resulting in 
prominent skewed crests near the surface. Downstream and cross-stream shear profiles are 
indicative of a turbulent thermal wind balance. Local maxima in current and temperature at the 
mooring occur simultaneously, and are led by offshore currents in the upper water column. Mean 
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CHAPTER 1: INTRODUCTION 
 
 The Gulf Stream (GS) is perhaps the most well-studied western boundary current in the 
world, with most research focused north and south of Cape Hatteras, North Carolina. Less 
attention has been given to this important transition region at Cape Hatteras (Savidge, 2004).  
Several compelling questions motivated an observation-based study of the GS here. The GS is 
believed to have a profound influence on the complex current dynamics that result from the 
convergence of many different water masses in the region. Its close proximity to land, limited 
spatial variability, and high current velocities in relatively shallow water have made this region a 
focus for considering the harvest of Marine Hydrokinetic Energy (MHK) from the GS. Meander 
evolution and propagation has been studied extensively both north and south of Cape Hatteras, 
with less attention given to the meander transition region near the cape. Meander kinematics in 
this transition region, and their contribution to GS variability downstream is not well understood. 
 Chapter 2 presents a new method to use surface current mapping coastal ocean radars to 
measure GS position, width, and orientation. More than a decade of ocean radar data has been 
collected off Cape Hatteras. The radars sample more frequently and with greater consistency 
than historical techniques. In past studies, the GS edge has been defined by characterizing 
satellite infrared imagery of the sea surface temperature (SST) gradients (Miller 1994 and 
http://www.opc.ncep.noaa.gov/sst/NavyFeatures.shtml), by a pre-established isotach (Halkin and 
Rossby 1985), sea surface elevation (Kelly 1991, Kelly and Watts 1994), by isotherms (Fuglister 
1951), or isohalines (Richardson 1985),  and Sea Surface Heights (SSHs) (Gula et al., 2015). 
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 To inform GS MHK development, measurements of the GS velocity structure, salinity, 
and temperature from several different types of observations are presented in Chapter 3.  The 
observations identify the variability in the MHK resource, describe the shear profile, and 
investigate the susceptibility to turbulent mixing.   
Finally, Chapter 4 investigates meander kinematics off Cape Hatteras using surface 
current observations from a coastal ocean radar network, moored Acoustic Doppler Current 
Profiler (ADCP) current measurements over most of the water column, satellite Sea Surface 
Temperatures (SSTs), and the radar method described in Chapter 2. This is the first study of 
meander passages with velocity fields seen throughout the water column, and the GS spatial 
context provided by the HFR surface currents.  Now that the nature of the variability has been 
initially described, several more years of observations are available to explore meanders here in 
the same fashion.  
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CHAPTER 2: GULF STREAM POSITION, WIDTH, AND ORIENTATION ESTIMATES 
WITH HF RADAR OFF CAPE HATTERAS, N.C. 
 
2.1 - Introduction 
 Radar surface current measurements provide consistent and more frequent estimates of 
Gulf Stream (GS) location, and orientation than previously available from other observations, 
and offer to provide new insights into the oceanography off Cape Hatteras. Here I present a 
method to determine variability in the Gulf Stream’s landward edge and orientation, and the 
width of the Cyclonic Shear Zone (CSZ) off of Cape Hatteras using monostatic 5 MHz High 
Frequency Radars (HFR) from Codar Ocean Sensors.  
 
2.1.1 - Background: Regional Oceanography 
The GS is believed to have a profound influence on the complex current dynamics off of 
Cape Hatteras, NC that result from the convergence of many different water masses in the 
region. Some processes influenced by the GS in this area include: cross-isobath transport of shelf 
water at the convergence of Mid Atlantic Bight (MAB) and South Atlantic Bight (SAB) shelf 
water (Savidge and Bane, 2001), shape and position of the Hatteras Front (Savidge and Austin, 
2007), warm water incursions onto the MAB from Warm Core Ring formation (WCR) (Zhang 
and Gawarkiewicz, 2015), recruitment on the MAB related to WCR formation (Myers and 
Drinkwater, 1989), productivity in the SAB (Lee et al. 1991), and ocean-atmosphere interactions 
(Frankignoul et al. 2001). Although essential to understanding oceanography off the NC coast, 
and to linkages beyond the region, GS variability in this area has been difficult to quantify 
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because of the challenge involved in obtaining observations of consistent spatial and temporal 
resolution over long time periods. 
 The GS flows over the upper continental slope, following the shelf break of the 
southeastern United States up to Cape Hatteras, NC, where it separates abruptly from the slope, 
and proceeds northeastward into deeper water over the abyssal plain.  The GS separation point 
from the shelf break in this area varies (Miller 1994). Meanders, the wave-like mesoscale 
variability in the GS baroclinic jet with periods and wavelengths that range from 2-14 days and 
100-250 km (Glenn and Ebbesmeyer, 1994) are common here. It is a transition region for lateral 
meander amplitudes that grow quickly to 50 km at the Charleston Bump, and decay downstream 
to 10 km or less as they reach Cape Hatteras (Miller 1994), then grow again further downstream 
to up to 100 km or more. Meander variability time scales range from 3-8 days to several months 
near the bathymetric feature known as the point (Figure 2.1) (Savidge 2004). Off Cape Hatteras, 
the GS is ~100 km wide and ~1000 m deep, with estimates highly dependent on cross-stream 
latitude and definition (Halkin and Rossby 1985, Hall and Bryden 1985, Hogg 1991, Watts et al 
1995, and Meinen et al. 2009).  The horizontal and vertical scales of the baroclinic structure 
remain quite consistent in this area (Johns et al 1995), notably maintaining structural consistency 
despite regular variations in GS position (Halkin and Rossby 1985). 
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Figure 2.1: HATY mean radial speeds for November 2014, and bearings selected for use by the 




 GS volume transport also increases in the downstream direction off North Carolina from 
53 Sv off Cape Fear, NC (Richardson et al., 1969) to between 65 (Johns et al 1995) and 90 Sv 
off Cape Hatteras (Hogg 1991).  Continuing downstream of Cape Hatteras volume transport 
grows to 150 Sv, due primarily to inflow from gyres on either side of the GS, each a circulation 
of approximately 30-40 Sv (Hogg 1991). The Slope Sea on the north side of the GS contributes 
inflow through entrainment of Mid-Atlantic Bight water, or “Ford Water” (Gawarkiewicz and 
Linder 2006), South Atlantic Bight water (Savidge and Savidge 2013), and water from the Slope 
Sea. The south side receives inflow from the Worthington Gyre (Johns et al 1995). 
 GS position off North Carolina has been explored historically with Sea Surface 
Temperatures (SSTs) measured from satellites (Bane and Brooks 1979), more recently by Navy 
frontal charts (http://www.opc.ncep.noaa.gov/sst/NavyFeatures.shtml) that utilize satellite SST’s, 
information from ships of opportunity, buoy temperature readings (Miller, 1994), region-specific 
time-limited expansive observing efforts (Churchill and Berger 1998), and satellite altimetry data 
(Zeng and He, 2016). GS characteristics are often mapped using satellite sensors that can detect 
the large gradients in surface temperatures and surface height associated with the GS.  Off Cape 
Hatteras, sea surface height variations are ~1m (Gula et al., 2015). Satellite altimetry provides 
lower frequency, ~10 day, estimates of GS location. Time and spatial scales of SST 
measurement are satellite specific, and vary in frequency from hours to several days, and in 
horizontal resolution from one to tens of kilometers. SST measurements are degraded and 
obscured by cloud cover, often significantly, making consistent estimates of GS position 
challenging.  
 Measurement of the edge of the GS off NC is further complicated by the frequent eddies 
and filaments on the GS lateral boundaries (Glenn and Ebbesmeyer, 1994) and the diffuse nature 
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of the eastern edge of the GS. The GS position exhibits a strong dependence on edge definition 
(Richardson 1985 and Halkin and Rossby 1985). For example, the GS edge has historically been 
defined by characterizing satellite infrared imagery of the sea surface temperature (SST) 
gradients (Miller 1994 and http://www.opc.ncep.noaa.gov/sst/NavyFeatures.shtml), by a pre-
established isotach (Halkin and Rossby 1985), sea surface elevation (Kelly 1991, Kelly and 
Watts 1994), by isotherms (Fuglister 1951), or isohalines (Richardson 1985),  and Sea Surface 
Heights (SSHs) (Gula et al., 2015). 
 
2.1.2 - Background: HF Radars  
 Land based HFRs provide higher temporal resolution of the GS than historical methods. 
A single, monostatic, 5 MHz HFR measures the radial component of the ocean surface current 
relative to the receive antenna in the top two to three meters of the water column, herein called 
radials. The “surface” depth depends on the wavelength of the radar (Barrick 1977). This depth 
is approximately λ/8π, where λ is the radar wavelength, or about 2.7m for the 5MHz NC radars 
being used herein (Paduan and Graber 1997).   Radial currents from the systems used in this 
study are produced every hour. Each radial current vector is a two hour and thirty-minute 
average, with the azimuthal resolution decreasing as a function of range from the radar. Each 
vector is a spatial average over an annulus bounded by a 5.85 km range difference, and five 
degree bearing separation.  The HFR range coverage varies from about 100 to 200 km. Coverage 
varies due to environmental influences like variations in the ocean surface wave field necessary 
for signal reflection, night time ionospheric interference that tends to limit range (Menelle et al., 
2008), and interference from external environmental noise near the radar frequency band (Emery 
et al., 2004). 
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 The radial components of the surface currents measured by the radars have known quality 
control considerations that are specific to each site (Liu et al., 2010). A recent effort to improve 
the quality of the radial surface currents for the sites in this study (Haines et al., 2017) at the 
individual site level implements the processing advocated by Kirincich et al. (2012), with some 
modifications. The process reduces uncertainty over the entire footprint, and demonstrates that 
the radar uncertainties increase with distance from the radar. In comparisons between ADCP and 
HFR radial currents the method reduced the standard deviation of residuals on the shelf from 9 to 
8 cm/s, and 57 to 46 cm/s over the shelf slope.  The quality control method reduces a low 
velocity bias in radar currents in the GS by 15 – 20 % (Haines et al., 2017). The method 
presented uses these quality-controlled radar radial currents. One advantage to using only radial 
velocities for this method, rather than total currents from combined HFRs, is the elimination of 
uncertainty introduced by the geometric dilution of precision from combining radials. Previous 
efforts using all radial currents from individual radars and total surface currents from vector 
sums of combined radar radial currents for GS frontal estimates required significant temporal 
averaging to overcome deficiencies in data quality. The radials and total surface currents provide 
additional insights about the GS in this region, and will be explored further in conjunction with 
regional ADCP measurements in chapter four of this dissertation. 
 Averaging radar currents over longer time periods, weeks to months, diminishes the 
inherent advantage of using the radars instead of other measurements like satellite SST or 
altimetry.  The consistent high frequency (hourly) remote sensing measurements made with the 
radars provide a new opportunity to observe GS variability not previously available. Thus, the 
method described herein uses the hourly radial currents to examine high frequency GS variability 
in space and time.  
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2.2 - Methods 
 A method to extract characteristics of the GS surface flow field has been developed. The 
method uses observations from two HFRs located on the North Carolina coast that consistently 
measure surface currents in the GS.  HF radars in the Integrated Ocean Observing System 
(IOOS) are given four letter identifiers: HATY is located in Buxton, N.C. on the north side of 
Cape Hatteras (Figure 2.1), and CORE on the Core Banks of N.C. north of Cape Lookout at the 
National Parks Service’s Great Island Campground (Figure 2.2). A month of quality-controlled 
data when both radars operated the majority of the month of November 2014, was selected for 
analysis and algorithm development. HATY has been operating since 2003 (Shay et al. 2008), 
and CORE was added in 2013 to provide GS observations for the State of North Carolina’s 
Renewable Ocean Energy Program managed by the Coastal Studies Institute. 
 The monthly-mean radial speeds and bearing selections for this study from the HATY 
and CORE HFRs are shown in Figures 2.1 and 2.2 respectively. By convention, radial speeds 
toward the radars are negative, and those away are positive. The cooler colors southeast of 
HATY where averaged radial speeds are most negative are those where the GS enters the radar 
coverage, and the hot colors with large positive magnitudes are indicative of the GS exiting to 
the northeast. The GS is not apparent in radial surface current measurements when its surface 
current direction is perpendicular to the radar radials. The location of the GS landward edge and 
jet axis are apparent in the monthly averaged radial speeds as the largest landward gradients and 
radial maxima/minima respectively. Further, a metric for measuring the width of the GS cyclonic 
shear zone, a distinct area in the GS with greatest positive relative vorticity, is defined to be the 
distance between the maximum velocity gradients and maximum radial velocities.  
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Figure 2.2: CORE mean radial speeds for November 2014, and bearings selected for the 
algorithm used for GS analysis. The red star on land is the radar location. 
 The following method identifies the distance from the radar site to the maximum radial 
gradient and maximum radial velocity, and the minimum radial gradient and radial velocity using 
radials produced hourly from one of the two aforementioned radars. These values are then used 
for determining a measure of the CSZ width and the orientation of the GS.  The following data 





2.2.1 - Step 1: Elimination of (i) poor coverage areas and (ii) hourly radial files with insufficient 
data 
 
 Consistent spatial coverage throughout the study period is necessary to establish GS 
position, hence a first step is to identify the minimum coverage required. While thresholds for 
data coverage defined by the number of radial solutions are site specific and reliant on local 
environmental factors that affect site performance, generalized application of this method is 
possible for any monostatic HF radar.  Radar measurement locations where radials were not 
observed with at least 30% consistency over the sampling period, the month of November 2014, 
were eliminated from further analysis (Figure 2.3). Imposing a threshold greater than 30% on the 
consistency removed measurements to the detriment of the algorithm.  
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Figure 2.3: Coverage percentage for each radial measurement from HATY for November 2014. 
 Additionally, a site-specific number of radial solutions was required for each hourly 
radial file to be included in analysis: 47% of the average number of hourly solutions for HATY 
and 60% for CORE. The number of required solutions for each radar was chosen by visually 
examining each radar’s hourly radial coverage for the month, and requiring each radial file to 
have enough solutions to provide radials from near the installation to offshore of the maximum 
values indicative of the GS jet. The average number of solutions is ~1500 for HATY and ~750 
for CORE, and the maximum number of solutions is 2500 radial solutions for either radar. The 
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greater distance to the GS from CORE means a higher percentage of solutions is required for the 
algorithm to be effective. 
 
2.2.2 - Step 2: Radar bearing selection for analysis 
 Four bearings from each radar where GS currents were consistently measured over the 
month were selected for analysis (Figures 2.1 and 2.2). Bearings were selected from within the 
region of most negative radial velocities where the GS enters the radar coverage, and from within 
the region of largest radial velocities where the GS exits coverage.  To choose bearings for 
analysis, radial velocities were averaged along each azimuth over all ranges every hour. Bearings 
without radial velocities at more than half of the ranges were eliminated from analysis. The least 
(greatest) averaged radial velocity magnitudes were selected each hour, and the bearing of the 
mode hourly minimum and maximum current magnitudes over the time series were chosen for 
analysis. Bearings selections were then nudged slightly offshore by bearing angle to avoid 
selecting bearings that were on the edge of coverage such that: the CORE maximum bearing was 
moved 10 degrees offshore, the CORE minimum bearing moved 5 degrees offshore, and the 
HATY minimum bearing moved 5 degrees offshore.  Thereafter, two additional bearings were 
added 15 degrees seaward of the initial two bearings.  They provide additional edge and jet 
position information, and an estimate of GS orientation between the initial selected bearing and 
the proximal added bearing 15 degrees seaward. Thus, the method focuses inspection only on 
regions where the GS has the strongest current signal in the radial coverage over the sampling 




2.2.3 - Step 3: Radial smoothing and zero filling 
 Zero filling was used to infill missing radial values. Zero filling was found to enhance GS 
edge selection at gradient maxima (Figure 2.4b).  Hourly radial speeds are noisy (Figure 2.4a) 
and require smoothing before identifying maximum gradients or maximum values. Data were 
smoothed using a 4x4 convolution in space and time. Hourly radials that didn’t meet the criterion 
for sufficient number of solutions were eliminated from further consideration (gaps in coverage 
Figure 2.4b). 
 
Figure 2.4: (a) Raw radial speeds along the HATY 72 degree bearing, and (b) smoothed radial 
speeds with the algorithm selection for the edge (lesser range) and jet (greater range) after cubic 
spline smoothing with time periods where a sufficient number of radial solutions are not 
available for analysis have been eliminated 
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2.2.4 - Step 4: Gulf Stream edge and jet detection, and cyclonic shear zone width 
 The GS jet axis along a selected bearing was assumed to be at the smallest (largest) radial 
velocity where the GS enters (exits) radar coverage. The GS’s landward edge along the bearing 
was then assumed to be the location of the largest difference in radial velocity in the radial 
direction inshore of the jet. In this analysis, edge and jet selections were required to be at least 
23.4 km from HATY and 35.1 km for CORE, or offshore of the third and fifth range cells for 
each radar. This requirement eliminated the contamination of edge selections that infrequently 
occurred on the shelf from extreme shelf currents that were well onshore of the shelfbreak. 
 These position estimates occasionally suffer from rapid shifts that are clearly unphysical, 
therefore the hourly GS edge and jet axis locations, measured in distance offshore of the radar 
receive antenna location, were smoothed using a cubic spline that applies a 28.5-hour low pass 
filter. The distances between GS edge and jet axis locations provide an estimate of the cyclonic 
shear zone width and location.  
 
2.2.5 - Step 5:  Gulf Stream orientation 
 GS edge and jet detection locations along selected bearings in Step 2, and those along 
their proximal 15-degree seaward bearing, were connected to provide a GS orientation estimate 
at the location of the paired bearings - two pairings for HATY, and two for CORE (Figure 2.6). 
The bearing of the GS edge or jet is assumed to be the bearing of the line that joins edge or jet 
selections. Thus, four orientation estimates are made from each radar every hour; two for 
proximal edge and two for proximal jet estimates. 
 The crossing angle of radar bearing relative to the GS orientation influences the radar GS 
estimates. Examples of the influence of the GS’s orientation on the radar estimates are 
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represented schematically in Figure 2.5. In Figure 2.5a, the GS is oriented perpendicular to the 
radar bearing. In this case, GS flow is orthogonal to the radar radial and there is zero contribution 
to the radial velocities along that bearing from the GS. There is no detectable signal from the GS. 
No estimates of GS edge, jet, or orientation are possible for this instance. In Figure 2.5b, the GS 
jet and radar bearing are nearly parallel. The radar range to the jet is undetermined. Theoretically 
it is infinite. Actually, the estimate will be made at the location of the highest radial velocity 
within the radar range limits, not necessarily at the GS jet. The radar may still choose the edge of 
the GS accurately in this instance. The algorithm is optimal for Figure 2.5c, where the range 
from the radar to the edge will be at the greatest difference in radial velocity, and the jet located 
within the radar coverage range, will be the distance to the maximum radial velocity.  The 
algorithm is designed to maximize the instances of the latter case, Figure 2.5c, by focusing 




Figure 2.5: Three different examples of HF radar bearing relative to the GS flow. In a. the GS is 
perpendicular to the radar bearing, and no GS estimates are possible, in b. the GS is parallel to 
the radar bearing, and accurate estimates of the jet are not available, and in c. the radar bearing 
is at an angle of about 45 degrees with respect to the GS flow, the optimal case for the 
algorithm. 
 
2.3 - Results 
2.3.1 - Measurements 
 Hourly estimates of the range from HATY and CORE to the GS edge and jet were made 
for the 8 bearings selected by the algorithm; four from each radar. Bearings selected were 72, 87, 
167, and 182 degrees from HATY, and 72, 87, 147, and 162 from CORE. GS edge (blue) and jet 
(black) selections along proximal bearings separated by 15 degrees are connected, shown in 
Figure 2.6 for the HATY 72 and 87 degree bearings, to provide an estimate of the GS edge and 
jet orientations from the range selections. 
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Figure 2.6:  A map of the two HF radars, CORE and HATY, and the bearings selected by the 
algorithm for GS measurements. The dark isobath offshore is the 100 m isobath. Blue diamonds 
are the edge estimates for the HATY 72 and 87 degree bearings, and the blue line connecting 
them is the GS orientation estimate associated with them. The black boxes along the 72 and 87 
degree bearings are the jet and jet orientation estimates for those bearings. 
 Examples of the raw and smoothed radial data for HATY and CORE 72 degree bearings 
are given in Figures 2.4 and 2.7 respectively. The figures also display the cubic spline fits where 
the edge (inshore) and jet (offshore) selections are made, and visually demonstrate how the 
algorithm selects the GS edge and jet ranges from the radars based on velocity gradients and 
maxima, respectively.  
 Notable between the two radars is the greater range to the GS along the CORE 72 degree 
bearing, and the lower data quality that results from estimates made further offshore.  An 
example of noise influencing even the spline fit can be seen on the CORE 72 bearing on 
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November 14th. The absence of radial data on that date, omitted by the algorithm for a lack of 
radial solutions during that period, causes the magenta cubic spline fit estimate of the jet location 
to be inshore of the edge.    
 
Figure 2.7: (a) raw radial speeds along the CORE 72 degree bearing, and (b) smoothed radial 
speeds with the algorithm selection for the edge (lesser range) and jet (greater range) after cubic 
spline smoothing. 
 In Figures 2.8 and 2.13, the blue and black curves are the estimates of the distance from 
the HATY and CORE radars to the GS edge and jet respectively along each of the eight radar 
bearings based on the smoothed radial speeds. They include noisy spikes that show non-physical 
rapid shifts in GS position of 50 km or more in some instances, and gaps where there were not 
enough radial solutions to make GS estimates.  The magenta cubic spline fits reduce noise and 
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fill data gaps, providing reasonable estimates of the edge and jet locations over the month most 
of the time. 
 Time scales for variability in GS position vary from about 2-14 days for all of the 
bearings. Spatial scales of variability are about 50 km along HATY bearings, and about 75 km 
for CORE. The edge and jet estimates often track each other for each bearing, with three to five 
exceptions during the month. Some of the exceptions may be caused by physical differences in 
the orientation of the GS edge and jet relative to a radar bearing.  Changes in GS position of tens 
of km in less than a day are not consistent with the literature, and are considered erroneous 
estimates. 
 
2.3.2 - HATY 
 Examining the results of the HATY bearings in detail provides a good foundation for 
discussing CORE results later, because the GS is closer to HATY and as a result the closer edge 
and jet are better sampled.  Changes in HATY edge and jet ranges clearly covary between 
proximal bearings, those separated by 15 degrees. The covariance is prominent, for example, 
along the HATY 72 and 87 degree bearings over the sampling period. The correlation coefficient 
for the variability in edge ranges between the two bearings is 0.70, with the 87 bearing leading 
the 72 by five hours.  Likewise, the HATY 167 and 182 bearing ranges track each other 
consistently, despite estimates being at slightly greater range than the 72 and 87 degree bearings.  
 Typical ranges to the edge from HATY are ~50 km and vary from about 20-90 km, while 
jet ranges are ~100 km varying from 60 to 140 km (Figure 2.8). 
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Figure 2.8: Estimates of the range to the edge (blue) and jet (black), with magenta 28.5 hour 
low-pass cubic spline smoothing of all estimates.  
 For individual bearings, simultaneously examining relationships between radar estimates 
of GS range, radial velocity at each edge and jet selection, paired bearing orientation estimates, 
and CSZ width provides some insights about the algorithm (Figures 2.9-2.12 a-d for HATY). For 
example, when the absolute values (because radials in the southern regions are negative by 
convention) of radial velocities at edge and jet estimates are lower than those expected in the GS, 
the confidence in the accuracy of those range estimates is reduced.  In conjunction with the radial 
speeds and range estimates, it is also important to consider the radar bearing relative to the 
orientation of the GS. The relative orientation can affect the radial velocities, since only a 
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component of the GS velocity is being measured by the radar. Red lines in panel c. of Figures 
2.9-2.12 and 2.14-2.17 identify the radar bearing along which GS estimates are made, and the 
direction orthogonal to the bearing. When the GS orientation approaches the radar bearing, 
distance estimates to the jet theoretically become infinite, and realistically become inaccurate. If 
the orientation approaches a direction that is orthogonal to the radar bearing, edge and jet ranges, 
as well as orientation estimates, increase in uncertainty since GS velocities approach zero when 
its orientation is perpendicular to the radar bearing. The circular reasoning that affects 
understanding the influence of the GS orientation relative to the bearing estimates makes 
quantifying the effect on the orientation challenging. Specifically, as the GS orientation 
approaches a parallel or perpendicular direction relative to the bearings making the GS 
orientation estimate, the skill of the algorithm to accurately measure the edge, jet, or orientation 
is diminished and ultimately fails because of its inherent limits. Thus, it is valuable to gain an 
understanding of the nature of the effects of the orientation on the measurements by considering 
the approach to parallel or orthogonal orientations, rather than the instances when the orientation 
is exactly parallel or perpendicular when the orientation estimate itself fails. 
 The difference between the distance to the edge and jet is a measure of the GS CSZ 
width.  The CSZ width is the width of the distinct zone of positive vertical relative vorticity on 
the landward side of the GS - the distance from the landward edge of the stream to the jet. 
Variability in the radar estimates of the CSZ width could be due to variability in GS structure 
along a bearing over the time series, but more likely is caused by changes in GS orientation 
relative to the radar bearing. The disparity in CSZ width from ~20 km to ~55 km that occurs 
between November 21-24 along the HATY 72 and HATY 87 degree bearings in Figures 2.9d 
and 2.10d is an example. The width along the HATY 72 degree bearing is fairly steady for that 
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time period, while the HATY 87 degree bearing width changes by about 35 km.  Both bearings 
exhibit pronounced changes in distance estimates to the GS edge and jet during those days 
(Figures 2.9a and 2.10a) indicative of meander propagation.  Also, the edge and jet orientation 
estimates (Figure 2.9c) from pairing both bearings are consistently offset more than any other 
time during the month. Physically, this could also be the result of making those estimates at 
different locations within a meander. The meander orientation relative to the 87 degree bearing is 
the probable cause of the wide range of CSZ widths along that bearing.   
 
Figure 2.9: HATY 72 degree bearing estimates of the range from the radar along the bearing to 
the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimates between bearings separated by 15 degrees (c) with 
red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width 
(d) defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
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Figure 2.10: HATY 87 degree bearing estimates of the range from the radar along the bearing to 
the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimates between bearings separated by 15 degrees (c) with 
red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width 
(d) defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
 Variability in edge and jet distances from the northern and southern paired bearings of 
each radar are usually more consistent than comparisons between bearings from different 
regions, as expected from bearings having similar crossing angles relative to GS orientation. The 
change in CSZ width and jet distance on November 7th and 8th is seen in both HATY 167 and 
182 bearings for example. It is informative to examine the range estimates prior to the cubic 
spline smoothing, the blue (edge) and black (jet) range curves, to determine if changes in CSZ 
width are caused by a difference in orientation of the GS at each estimate, or by a lack of quality 
data. On November 26th the 72 degree edge range shifts offshore by 10 km, while the jet range 
shifts onshore by the same distance (Figure 2.8). Note the noise in both the blue and black curves 
that precedes this convergence in ranges, and the missing data that follow the local minima and 
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maxima on both curves. The data quality is the likely cause of the change in CSZ.  Conversely, 
on the 28th and 29th, along the HATY 167 and 182 degree bearings (Figure 2.8), the data are 
free of noise and omissions, yet the ranges to edge and jet trend in opposite directions. In this 
case, the cause could be a change in GS orientation along both bearings.  
 Part of the challenge in understanding the effects of varying GS orientations relative to 
radar bearings, in conjunction with low radial velocities at edge and jet selections not indicative 
of GS current speeds, is the lack of consistency of the effects of these various parameters on 
algorithm performance. It is informative to examine some of these relationships along the HATY 
167 degree bearing, in Figure 2.11b, when radial velocities at the edge selections are minimal 
and approach 10 cm/s, November 2, 15-16 and 26-28. CSZ width estimates (Figure 2.11d) don’t 
align with most of these instances of low radial velocity with the exception of the 28th. They do 
frequently align with edge and jet orientation estimates that approach radar bearing orthogonality 
on November 8-9, 12, 22-24, and the 28th.   Edge and jet orientation estimates from the 72/87 
degree covary consistently from the 12th-21st, as do the radial velocities at the edge and jet 
selections (Figure 2.10 b and c). Reduced radial velocities at both covary with orientation 
estimates that approach orthogonality with the 87 degree bearing, as expected, during this period.  
 The GS orientation estimates from the pairing of the HATY 72 and 87 bearings are well 
behaved; rarely do the GS orientation and bearings approach parallel or orthogonal 
configurations.  GS orientation and radar bearing converge on orthogonality more frequently 
along the southeast HATY 167 and 182 bearings, Figures 2.11c and 2.12c. As orientations 
approach orthogonality, the instances are often accompanied by drops in radial velocity at edge 
estimates, and changes in the CSZ width as expected. However, the changes are not always 
consistent throughout the time period. Large increases in the width of the CSZ estimates along 
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the 167 bearing (Figure 2.11d), increasing from the mean of about 33 km to 50 km or more occur 
on November 8-9, 12, and less so on the 23-24, with a notable exception on November 5-6. The 
increase to nearly 100 km in CSZ width on the 8-9th occurs when orientation estimates from 167 
and 182 for the jet are nearly orthogonal to the bearing estimates (Figures 2.11 and 2.12d). 
Notably, the more reliable edge orientation estimates do not always covary with the jet 
orientation estimates, suggesting that the less accurate jet range estimates may be the cause of the 
large increases in CSZ width.  Oddly, the radial speeds are still indicative of radial components 
in the GS, with speeds in excess of 100 cm/s suggesting the orientation estimates at the jet may 
not be accurate. This occurs again on the 23rd and 24th, where the jet speeds are at a local 
maximum along both bearings that approaches 200 cm/s (Figures 2.11 and 2.12b). In this case, 
one might expect the radar bearing to approach a parallel orientation with the GS, rather than the 
perpendicular orientation estimate of the radar. Referring back to Figure 2.8 a possible cause is 
apparent: the 23-24 are when smoothed/zero-filled estimates are omitted because of poor radar 
coverage. The omission suggests that this time period has particularly noisy or poor coverage, 
especially on the 182 bearing at greatest range. 
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Figure 2.11: HATY 167 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimates between bearings separated by 15 degrees (c) with 
red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width 
(d) defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
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Figure 2.12: HATY 182 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimates between bearings separated by 15 degrees (c) with 
red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width 
(d) defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
 
2.3.3 - CORE 
 Overlooking some of the obvious errors in the range estimates (Figure 2.13) caused by 
data omissions and periods of noisy data at CORE, the temporal and spatial scales of variability 
agree with expectations for this region.  Ranges to GS edge and jet are further offshore than 
those from HATY, in agreement with the mean GS path south of Cape Hatteras as determined in 
prior studies (e.g. Miller, 1994). CORE ranges vary more than HATY, especially along the 
southern CORE bearings.  Edge and jet ranges vary by ~50 km with maximum shifts of ~100km. 
Meander time scales evident in the radar ranges are 2-14 days. Most of the variability seen in the 
edge is also seen in the jet estimates, with several notable exceptions caused by radar noise or 
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data omission: November 20-25th on bearing 72, 18th-22nd on bearing 87, and 12th-17th and 
23rd-27th on bearing 147.    
 The noisier estimates from CORE relative to those from HATY are the result of weaker 
radar signal to noise levels at greater ranges, clear in the radial speeds for the CORE 72 degree 
bearing (Figure 2.7), the greater ranges of all the CORE bearings relative to those measured from 
HATY, and in the noisier range estimates along all bearings (Figures 2.8 and 2.13). The greater 
range estimates from CORE often approach the limits of the radar coverage, increasing their 
uncertainty (Haines et al. 2017). Because jet estimates are the most distant from the radar, the 
estimates of jet location and jet orientation can be expected to be of lower quality and higher 
uncertainty than those for the edge.  
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Figure 2.13: Estimates of the range to the edge (blue) and jet (black), with magenta 28.5 hour 
low-pass cubic spline smoothing of all estimates. 
 As with HATY, it is informative to consider the algorithm’s performance for the chosen 
bearings by examining edge and jet ranges with radial velocities at those picks, GS orientation 
relative to the radar bearing, and CSZ width (Figures 2.14-2.17). Because the CORE estimates 
include more noise and omissions than HATY, they provide an opportunity to investigate how 
the algorithm responds to a less robust set of radial measurements. The best data quality is from 
November 1-4, while more noise and omissions occur the 5th-10th, 21st-24th, and for the south 
147/162 degree bearings on the 24-27th (Figure 2.13).  
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 Examining measurements along the CORE 72 degree bearing in this manner, one notes 
the variability in the ranges to the edge and jet track each other well, and the distance between 
them is quite consistent with few exceptions. One notable exception occurs on the 14th when the 
jet estimate is inshore of the edge (Figure 2.14a). Recall from Figure 2.7, this is an outcome of 
the cubic spline fit to the jet range estimates trending toward lesser ranges before radial data 
becomes too poor to be included, continuing the fit trend inshore until data become available 
again. Similarly, the jet and edge orientation estimates from the 72/87 degree bearings (Figure 
2.14c) are consistent up until the 14th.  
 Range variability seen on the CORE 72 degree bearing from the 22nd through the 25th 
appears to capture a GS meander also seen on the CORE 87 degree bearing to a lesser extent 
(Figure 2.13). The more prominent effect on the edge and jet ranges along the 72 degree bearing 
could be caused by the difference in GS crossing angle with respect to both bearings. The radial 
velocities at jet picks fluctuate around 100 cm/s, and at edge picks about 50 cm/s (Figure 
2.14b).   
 Poor radial velocity data on the 14 and 15th, with near zero velocity values do not reflect 
what is expected where the maximum gradient is chosen to be the GS edge. Notably, they 
correspond with an edge GS orientation estimate that approached orthogonality with the 72 
degree bearing, and a range estimate to the jet that is less than that to the edge. The cause is 
apparent in Figure 2.7b, where an absence of radial velocities occurs until the 15th.  Divergence 
in edge and jet ranges along the CORE 87 degree bearing on the 6/7th, 9/10th, 18/19th,  and 
again on the 29/30th appears to be caused by noisy or missing estimates (Figure 2.13). The edge 
ranges on the 18/19th fluctuate 30 to 50 km inshore in about a day, returning quickly to a more 
consistent distance for the week.  
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Figure 2.14: CORE 72 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimates between bearings separated by 15 degrees (c) with 
red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width 





Figure 2.15: CORE 87 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimate between bearings separated by 15 degrees (c) with red 
horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width (d) 
defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
 The CORE measurements along the southern bearings, like the northern bearings, have 
the highest quality radial data from November 1st until the 5th (Figure 2.13). These are the most 
challenging bearings to evaluate for performance because of the poor data quality over much of 
the month caused by the greater range to the GS. The underlying radial velocity data are noisy, 
and have several data gaps. In the jet estimates (black curve) in Figure 2.13, on November 12-14 
and 25-26, the ranges to the jet approach 200 km, the radar range limit, and vary unphysically by 
more than 50 km from one hour to the next. The low-pass smoothing removes most of the noise 
from the raw range data, but does not eliminate all spurious estimates. 
 Edge and jet ranges on the CORE 147 bearing, and to a lesser extent the 162 bearing, do 
not track each other as consistently as the other bearings previously discussed. Both poorer data 
quality, and GS orientation may be responsible. Large changes in CSZ width and jet distance are 
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seen on both CORE 147 and 162 bearings on the 12th and 13th, and may be caused by both 
bearings approaching an orthogonal orientation to the GS.  The instances of  GS orientation and 
radar bearings approaching orthogonality happens frequently along these bearings in Figures 
2.16c and 2.17c, and the wild swings in CSZ width often accompany these episodes. The 
southern CORE bearings are close to orthogonal to the GS orientation estimates, orthogonal GS 
orientations are 57 and 72 degrees for the 147 and 162 degree bearings respectively.  GS 
orientation estimates range from about 40 to 65 degrees over much of the sampling period, about 
19 of 30 days, making CSZ width estimates much less reliable. In addition, the CSZ width 
variability is not consistent with each approach to orthogonality. An extreme example can be 
seen on the CORE 147 degree bearing in Figure 2.16d, from the 12-16th of November, when 
CSZ width fluctuates unphysically. During this time period, the width varies from ~10-100 km. 
Un-physical fluctuations in the CSZ width from 50-100 km occur during the majority of the 




Figure 2.16: CORE 147 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimate between bearings separated by 15 degrees (c) with red 
horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width (d) 





Figure 2.17: CORE 162 degree bearing estimates of the range from the radar along the bearing 
to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), GS edge 
(blue) and jet (black) orientation estimate between bearings separated by 15 degrees (c) with red 
horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ width (d) 
defined as the distance between the edge and jet estimates. All curves are cubic spline fits. 
 
2.3.4 - Monthly Average GS Properties 
 In addition to evaluating radar performance for each bearing parameter time series, it is 
informative to examine the means of the parameters over the sampling period to assess if 
measurements being made are physically realistic. Despite noisy periods in each parameter time 
series, if monthly means are consistent with known GS parameters in this region it provides 
confidence in overall algorithm performance. Monthly mean estimates of edge and jet distance 
from the radars, cyclonic shear zone width, maximum (minimum) radial speeds, and orientation 




Table 2.1: Mean values for all CORE and HATY analysis bearings, including edge, jet distances 
from each radar, CSZ width, radial speeds at edge and jet selections, and paired orientation 



























HATY 87 49 79 29 68 124 
HATY 
167 
48 79 31 -47 -94 55 42 
HATY 
182 
64 94 30 -63 -120 
CORE 
72 
101 131 30 54 101 11 19 
CORE 
87 
86 117 31 47 86 
CORE 
147 
79 109 30 -23 -60 49 46 
CORE 
162 




 There are notable differences in distance estimates from each radar. The mean ranges to 
the GS edge and jet presented in the table are displayed on each bearing in Figure 2.18. The map 
provides perspective between relative radar locations, estimates, and the underlying 
bathymetry.  The GS is most distant along the CORE 72 and 162 bearings, and as mentioned 
previously, the range of all CORE estimates are greater than those from HATY. The mean edge 
estimate for CORE 72 is notably landward of the 100 m isobath, a likely cause being the increase 
in uncertainty caused by the distance of these estimates. The corresponding jet mean location 
along the same bearing is also the most shoreward of the jet means. The mean orientation 
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estimates from the paired CORE 72/87 bearings are much different than the other paired bearing 
means as well.  
 Despite large short-term variability in CSZ width estimates along individual radar 
bearings discussed previously, the mean widths seen in Table 2.1 between all eight radar 
bearings are quite consistent. The range of mean CSZ width for all bearings is only 3 km.  
 All means are valuable for algorithm comparison with values found in the literature, and 
will be discussed further in the following section. 
 
Figure 2.18: A map of radar locations, coastline, isobaths (m), and mean edge and jet ranges, 
blue and black squares respectively, along each radar bearing for the month of November 2014. 




2.4 - Method Evaluation 
 Two different methods were used to evaluate algorithm accuracy. The first compared 
independent measurements of the landward GS edge location, orientation, and CSZ width 
between CORE and HATY along crossing and parallel bearings. The second method used a 
graphical user interface developed to compare GS edge selections from available satellite SSTs 
at each radar bearing to the GS edge selections of the algorithm.  
 Many different evaluation methods were explored prior to selecting the two employed, 
including comparisons with Naval Gulf Stream Frontal (NAVO) estimates made bi-daily and 
satellite Sea Surface Heights (SSHs).  For different reasons, all proved less effective for 
evaluation than those selected. SSHs are only available about every 10 days, providing only 2-3 
data points for comparison over the month. NAVO frontal estimates are also only available once 
every two days, with few points intersecting radar bearings for statistical evaluation. NAVO 
estimates of the GS western wall are based on satellite SST’s and supplemented with available 
observations from aircraft, ships of opportunity, and buoys when cloud cover impairs SST 
imagery (Miller 1994).  GS “western wall”, or landward edge, locations were provided in 
latitude/longitude pairs by the Naval Oceanographic Office by request.  
 In chapter 4 of this dissertation, HATY 72 and 87 degree bearing GS estimates will be 
compared with currents measured from a moored 150 kHz Acoustic Doppler Current Profiler 
(ADCP) deployed near the HATY 72 degree bearing.  Comparisons are made during the same 
time period that this method was developed, and both independent measurements from HATY 




2.4.1 - CORE and HATY independent measurement comparisons 
 Comparisons were made for several bearing combinations between HATY and CORE. 
Each radar provides independent estimates of edge, jet, and orientation. Comparisons between 
radars begin to characterize the accuracy and skill of the algorithm. This inter comparison is 
useful because it compares independent measurements of the same parameters with the same 
temporal resolution and similar spatial resolution.  
 The challenges to this evaluation are that the angle, range, and location of measurements 
from each radar are different. Recall, azimuthal resolution decreases as a function of range from 
each radar, thus comparisons between separate measurements from each radar are often not 
exactly the same spatial resolution. Measurements more distant from one radar than the other 
have slightly different resolution, and the more distant estimate typically has lower signal to 
noise. The difference in relative angle between the two radar bearings and the GS orientation 
also contributes to differences in the bearing estimates.  
 There are several possible bearing combinations to compare between radars given the 
eight bearings selected from both, and estimates of edge and jet range and velocity from each. 
Comparisons focus on either bearing estimates that overlap, or estimates from parallel bearings 
from each radar. Lagged correlations between bearings were stronger at GS edge estimates than 
jet estimates, thus edge measurements comparisons are presented (Table 2.2).  It is likely that the 
greater range of the jet estimates, with lower signal to noise ratios, is responsible for the lower 
correlations.  All p-values for correlations were much less than 0.05, and thus have statistical 




Table 2.2: Correlations and lags for range and radial velocity values at GS edge from both 














0.70 5-HATY 72 lags 
HATY 87 
0.62 3-HATY 72 
lags HATY 87 
 
HATY 72 - 
CORE 72 
0.43  46-HATY 72 
lags  CORE 72  
0.45 36-HATY 72 
lags  CORE 72  
 
HATY 87-
CORE 87   
0.39 47-HATY 87 lags 
CORE 87  
0.30 49-HATY 87 
lags CORE 87  
 
HATY 87-
CORE 72  
0.52 26 -HATY 87 lags 
CORE72 





0.75 8-CORE 72 lags 
HATY 167 





0.65 14- CORE 72 lags 
HATY 182 
0.61 19- CORE 72 





0.68 0 lag  0.76 2-HATY 167 





0.77 8-CORE 87 lags 
HATY 182  





0.50 222 (9.25 days) -
CORE 147 lags 
HATY 182 
0.56 220-CORE 147 
lags HATY 182 
 
 The strongest correlations were between edge measurements from the individual radars 
that are nearly co-located, and from adjacent HATY 72 and HATY 87 bearings.  Correlations 
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less than ~0.50 were found to produce physically unrealistic lags. Correlations between 
orientation estimates were evaluated, but all were 0.40 or less and are not included in the table.  
 Ranges along the HATY 182 and CORE 87 bearings had the strongest correlations at 
0.77 (Figure 2.19), with CORE 87 lagging HATY 182 by eight hours. The covariance for both 
bearings is apparent in both the GS edge distance estimates and the radial velocities (Figure 
2.20). Ranges along the HATY 167 and CORE 72 bearings were nearly as well correlated, and 
have the same lag. HATY edge selections are typically upstream of CORE selections, thus the 
lag in these bearings appears physically sound. Range correlation along the HATY167 and 
CORE 87 bearings is 0.68 with zero lag. The two bearing estimates are nearly co-located. 
Corresponding radial velocities for the more highly correlated bearings are also well correlated, 
with very similar lags.  These strong correlations between several co-located measurements and 
radial velocities, with lags that are physically reasonable, lend credence to the algorithm 
accuracy.  
 Lags for less correlated parallel bearings from each radar like HATY and CORE 72 and 
87 degree bearings are reasonable, with upstream estimates leading downstream as expected for 
meander propagation in this region. The less well-correlated radial velocities have similar lags. 
Only the CORE 147 bearing estimate that lags the HATY 182 bearing appear inconsistent, with a 
much more extreme lag time of about 9 days.  
 43 
 
Figure 2.19: Radar locations, coastline, and selected bearings from each radar. The most 
correlated HATY 182 and CORE 87 bearings are highlighted in red, with blue squares at mean 
GS edge selections. Isobaths are in meters, with the 100m isobath emboldened. 
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Figure 2.20: Radial velocity values and GS edge distance estimates from CORE 87 and HATY 
182, the most correlated independent bearing measurements. 
 
2.4.2 - GS Satellite SST and radar comparisons 
 A Graphical User Interface (GUI) was developed to allow comparison between available 
satellite SST images and radar estimates for November 2014. The GUI provides the ability to 
overlay and compare satellite SSTs, radar radial surface current velocities, radar total surface 
current velocities, and algorithm edge, jet, and orientation determinations from HATY and 




Figure 2.21: Image of the graphical user interface that allows radar bearings estimates, edge 
and jet locations, and paired orientations to be compared with satellite SSTs. 
 All available SSTs for November 2014 were downloaded from the Rutgers University 
Coastal Ocean Observing Lab. Beginning with the first available SST for the month, each SST 
was examined in the monthly sequence with the radar radial analysis bearings overlaid upon 
them (Figure 2.22), and selections made for the GS edge along each bearing. Each SST was 
ranked qualitatively with a ‘1’ for good, ‘2’ for fair, or ‘3’ for poor based on cloud cover in the 
region of interest. Selections were also identified by bearing - N1 is the northern bearing, N1-F 
identifies a filament present on the northern bearing, etc. The ranges of each SST selection from 
the associated radar bearing were then plotted with estimates from the algorithm, with good SST 
selections in green, fair in yellow, and poor in red. SSTs with little or no available surface 
temperatures were not used.  
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Figure 2.22: Image of the graphical user interface that allows a user to select edge and jet 
locations along HATY bearings, image quality as ‘1’, ‘2’, or ‘3’, and assigns bearing selections 
as north 1 (N1), north 1 filament (N1-F), etc.  based on the SST, and stores the selections for plot 
comparisons (Figure 2.23) 
 There are several shortcomings to this method of evaluating algorithm efficacy. The 
subjective nature of GS edge selections based on SSTs, and even the ranking of SST quality 
varied by participant. The difference in data types, surface temperature versus radial velocity, 
presents further challenges. SSTs may be representative of present dynamics, or may represent 
remnants from previous activity that has been advected by the GS. Because there are only two 
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quality SST images in the month, a robust comparison with the algorithm selections is not 
possible (Figure 2.22).  
 However, there is a suggestion of covariance between the methods. More substantive 
comparisons over a longer time series - one year for example - are expected to provide statistical 
significance. A year’s worth of comparisons is also expected to provide insights about the two 
different observing types.  
 
Figure 2.23: Ranges from the selected HATY bearings with SST selections over-laid upon them. 
Selections from ‘good’ SSTs are green, ‘fair’ yellow, and ‘poor’ red. 
 
2.5 - Discussion 
 The method presented herein offers to provide new insights about GS structure and 
dynamics off Cape Hatteras. It is informative to compare algorithm estimates of GS properties 
and spatial and temporal variability in the landward edge, CSZ width, and orientation with 
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previous studies in this region for both method evaluation, and to consider new questions the 
technique offers to address. A subsequent chapter will use the estimates made along the HATY 
72 and 87 degree bearings in conjunction with current measurements from a collocated moored 
ADCP to explore meander dynamics off Cape Hatteras in greater detail and frequency than was 
previously afforded by other techniques.  
 The mean GS edge positions along all bearings are adjacent to the 100m isobath.  Past 
observations in this region indicated the mean GS front lies 19.2 km offshore of the 100m 
isobath, with a standard deviation of 19.5 km (Glenn and Ebbesmeyer, 1994). The one radar 
edge mean shoreward of the 100m isobath falls on the CORE 72 bearing (Figure 2.18). Although 
the mean is derived from the more uncertain radar estimates most distant from the CORE site, 
previous studies indicate this mean location is plausible, if not the most likely location of the GS 
edge. Andres (2016) shows infrequent incursions of the GS jet position, defined by the 25 cm 
SSH contour, shoreward of the 200 m isobath southeast of Cape Hatteras. The mean jet range 
estimate along this bearing is just inshore of the 1000 m isobath, making the mean CSZ width of 
the CORE 72 degree bearing consistent with the estimates made along other bearings.   
 Variability in range estimates from the radar to the edge and jet are consistent with 
previous observations. Edge and jet ranges vary by 30-50 km (Glenn and Ebbesmeyer, 1994) 
with maximum shifts of ~100km (Miller 1994).  Standard deviations in the edge ranges for the 
CORE bearings are greater than those from HATY, with the exception of the CORE and HATY 
72 degree bearings which are the same.  The average standard deviation for all CORE bearings is 
13.7, while HATY is 12.4.  This difference agrees with previous studies in this region that 
indicate an increase in frontal variability in the upstream direction approaching the Charleston 
Bump. Miller (1994), in an analysis of 12 years of Naval Oceanographic Office GS frontal 
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charts, demonstrated that GS frontal position variability decreases downstream of the Charleston 
Bump as the GS approaches Cape Hatteras.  
 Observed time scales of frontal eddy variability range from an average of about 7 days 
just south of the radar focus region (Luther and Bane, 1985) to 4.6 days within it, with 
fluctuations ranging from 2-14 days (Glenn and Ebbesmeyer, 1994). Much of the variability is 
due to GS meanders that propagate downstream from the Charleston Bump, decreasing in 
amplitude as they approach Cape Hatteras (Bane and Dewar, 1988). It is informative to consider 
the meander propagation speed of 50.8 km/day (2.1 km/hr) reported by Glenn and Ebbesmeyer 
(1994) in this region with respect to the distances and phase lags between some of the well 
correlated radar edge estimates.  The best correlated edge ranges and radial velocities of the 
HATY 182 and CORE 87 bearings, Table 2.2, have propagation speeds between 1.75 and 2.33 
km/hr for the edge range and radial speeds respectively - derived by dividing the distance 
between the mean edge locations by the lags. Similarly, HATY 167 and CORE 72 bearings, with 
the same lag in edge ranges and radial velocities, have propagation speeds of 2.88 km/hr. 
Notably, propagation speed estimates between HATY 72/87 edge estimates increase to 5.69 
km/hr. This is a known meander transition region. Meanders propagating downstream from the 
Charleston Bump diminish nearly completely in amplitude as they approach the Gulf Stream 
separation point from the continental margin at Cape Hatteras, and lower frequency meanders 
grow and increase in amplitude downstream to the northeast (Savidge, 2004). The doubling of 
radar meander propagation speed here relative to those estimates made upstream warrants further 
investigation.  
 The mean CSZ widths vary from 29 to 32 km along all 8 bearings, where the width is 
defined as the distance from the greatest radial gradient to the greatest radial velocity.  The CSZ 
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width along the eastern seaboard has been shown to range from 33 km in the Florida Straits 
(Schmitz 1996) to 60 km northeast of Cape Hatteras near 730W (Halkin and Rossby, 1985), 
where the width was determined to be the distance from near zero velocities at the western GS 
edge to the landward side of the jet (J. Bane, personal communication, December 9, 2012). By 
the same width definition, cross-stream vessel transects along the Cape Hatteras Transect close 
to the HATY 87 degree bearing measure the CSZ width to be ~30 km (Figure 2.24), consistent 
with estimates made by the radars. Although CSZ width definitions vary between the literature 
and this algorithm, the width is nearly the same by either measure. 
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Figure 2.24: Cross-stream GS speed along the Cape Hatteras Transect east of 
Cape Hatteras (identified in a subsequent chapter), with CSZ width 
determination based on the literature and algorithm. 
 The most uncertain estimates made by the algorithm are those of GS orientation because 
they are quite sensitive to the radar bearing relative to the GS orientation, and require combining 
estimates from two radar bearings that differ by 15 degrees. Inter-comparison between estimates 
separated by a significant alongstream distance are challenging in a region where meanders 
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decrease in amplitude and die as they approach Cape Hatteras, then reform as the GS separates 
from the continental margin. Comparisons between estimates at closer proximity to each other 
reduce this uncertainty, but are complicated by the nearly co-located range estimates being made 
along bearings that are nearly perpendicular to each other, and the estimate sensitivity to GS 
orientation. Cross correlations between orientation estimates were less than 0.40, and were not 
included in Table 2.2. However, there is much variability in GS orientation in this region, which 
likely contributes to the low correlations seen at different radar bearing pairs that are spaced ~50-
100 km apart. GS orientations from cross-stream vessel transects are shown in Figure 2.25. GS0- 
GS2 are all within the same region of the algorithm’s orientation estimates shown in Table 2.1. 
The GS orientation shown in the vessel transects is defined to be the direction of the greatest GS 
velocity during the transect, presumably this is the direction of the jet. GS0, GS1 and GS2 are 
39.1, 24.5, and 49.1 degrees respectively. GS0 corresponds spatially with the mean estimates 
made by CORE southern bearings; 49 for the jet, and 46 for the edge which are in agreement 
with 49 degree vessel transect. The northern CORE bearings estimate the GS orientation to be 19 
and 11 degrees at the edge and jet respectively. The jet estimates from the bearings are at the 
outer limits of the radar’s range, and thus are uncertain, but the edge mean estimate near GS1 
differs by only 5 degrees. HATY mean orientation estimates range from 35 to 55 degrees, and 




Figure 2.25: Cross stream current transects of GS velocitymade from a large ship during April, 
2017 at 6 different locations off Cape Hatteras, NC. Currents were measured to water depths of 
1500m along these transects. Arrows indicate the downstream direction chosen to be the 
direction of the maximum velocity vector. 
 
2.6 - Conclusions and Future Work 
 A method has been developed that uses two individual radars located on the Core Banks 
and at Buxton, North Carolina to make consistent and frequent estimates of GS edge location, jet 
location, and orientation along eight radial bearings using radial current measurements from 
November 2014. The method provides a new technique to study GS variability consistently over 
the several years that the radars have been in operation.  Although the radars make hourly 
measurements, they are challenged by noise, and higher uncertainties and lower resolution at 
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greater ranges - thus HATY tended to have higher quality estimates than CORE. Hourly radial 
measurements were smoothed with a 28.5 hour low pass filter to eliminate much of the noise and 
nonphysical abrupt changes in range estimates, hence the estimates have temporal resolution of 
about a day. Comparisons of independent estimates made by individual radars demonstrate a 
high correlation between measurements that are nearly co-located, and substantiate the accuracy 
of this method.  
 Comparisons between the HF radar algorithm presented, previous studies in the literature, 
and other measurements made as part of this study suggest that despite periods of high noise and 
greater uncertainty in radar radial surface currents, this method provides a valuable new tool for 
understanding daily to monthly GS variability with consistency in this region. Bearings chosen 
for analysis are sensitive to the time series over which the method is applied, for example 
analyzing a week or a day during the same month causes selected analysis bearings for each 
radar to change slightly.  Much attention will be given in the future to choosing the time period 
and duration over which to run the algorithm. This will require careful attention to data quality 
over the study period.  
 This method will be applied to HRF data quality controlled with the method developed 
by Haines et al. 2017 to an entire year of CORE and HATY radials. The longer time series will 
allow for more robust comparisons with SSH and SST observations that are made less 
frequently, and further evaluation of the efficacy of the algorithm, and its ability to accurately 
determine long-term mean GS position, CSZ width, and orientation. 
 In chapter four of this dissertation, the estimates made at the HATY 72 and 87 degree 
bearing will be compared to moored ADCP current measurements made at a location between 
the bearings at the 260 m isobath during November 2014. Using both instruments to explore GS 
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variability will lead to further insights about meander propagation speeds in this transition 
region, as well as meander velocity structure and shear with depth. Strong correlation between 
the two types of measurements will allow inferences to be made about meanders observed by the 


















CHAPTER 3: GULF STREAM MARINE HYDROKINETIC ENERGY OFF CAPE 
HATTERAS, NORTH CAROLINA 
 
3.1 - Introduction 
 This manuscript analyzes detailed observations of velocity structure, salinity, and 
temperature in the Gulf Stream off Cape Hatteras, NC to quantify spatial and temporal 
variability, and inform Marine Hydrokinetic Energy (MHK) energy development. The 
observations are part of the North Carolina Renewable Ocean Energy Program’s (NCROEP) 
(General Assembly of North Carolina, 2012) focus on MHK in the Gulf Stream (GS). We 
identify the variability in the energy resource from GS current, the average power available, 
describe the shear profile, and investigate the susceptibility to turbulent mixing along the Cape 
Hatteras Line shown in Figure 3.1 as well as introduce some recent physical insights that are 
relevant to MHK objectives. 
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Figure 3.1: Observation focus area off Cape Hatteras, N.C. USA along the ‘Cape Hatteras Line’ 
(cyan line across the Gulf Stream) at ~350N. Orange ‘X’s mark coastal ocean radar locations 
that produce the surface currents measurements shown by arrows in the background where 
hotter colors represent faster currents, three yellow push pins indicate the beginning of small 
vessel transects to measure currents, mooring location to measure currents, and offshore extent 
of small vessel transect respectively. Transects currently extend ~70 km offshore from the 100m 
isobath, to the eastern edge of the Gulf Stream where currents are less than 50 cm/s. The green 




3.1.1 - Background: physical oceanography 
 Off Cape Hatteras, GS velocities in the jet approach 3 m/s in the top 100m of the water 
column, and volume transport estimates vary between 65 Sv (Johns et al., 1995) and 90 Sv (1 Sv 
=1 x 106 m3 /s) (Hogg, 1992).  A complex confluence of several different water masses occurs in 
this region, from convergent shelf water masses (Flagg et al. 2002) and from the intersection of 
the Deep Western Boundary Current with the Gulf Stream at greater depths down the continental 
slope (Andres et al. 2017).  
 Gulf Stream structure between Cape Hatteras and 550 W has been studied extensively in 
multiple field experiments (Halkin and Rossby 1985, Hall and Bryden 1985, Hogg 1991, Watts 
et al 1995, and Meinen et al. 2009). The baroclinic structure, as well as horizontal and vertical 
scales, is thought to remain quite consistent in this area (Johns et al 1995), notably maintaining 
structural consistency despite regular variations in Gulf Stream position (Halkin and Rossby 
1985). Measured currents east of Cape Hatteras show the stream’s influence on the velocity 
structure extends to about 1000 m, with maximum surface currents in the jet confined to the top 
100 m of the water column. 
 The observations on the Cape Hatteras Line presented herein are slightly north and south 
of previous long-term observation campaigns like the GS Deflection And Meander Energetics 
Experiment (DAMEX) (Bane and Dewar, 1988), Frontal Eddy Dynamics (FRED) (Glenn and 
Ebbesmeyer, 1994), and SYnoptic Ocean Prediction Experiment (SYNOP) (Watts et al., 1995) 
(Figure 3.1), and occur at a location where stream meander dynamics transition. Here the 
potential vorticity constraints on Gulf Stream meander amplitude caused by the steep gradient of 
the continental slope limit Gulf Stream position variability (Savidge, 2004). Upstream of the 
Cape Hatteras Line, meander dynamics are thought to be dominated by stream deflections caused 
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by the Charleston Bump, causing meander waves that can vary by as much as 40 km laterally 
from the mean (Bane and Brooks 1979). Downstream of the bump, empirical orthogonal 
function analysis indicates the meanders tend to degrade in amplitude as the stream approaches 
Cape Hatteras. GS meanders off Hatteras just prior to the GS separation from the continental 
margin cause the stream position to vary by up to 10 km (Savidge, 2004), nearly the same as that 
off the coast of northern Florida where the stream exits the Florida Straits (Miller, 1994). 
Downstream of the Cape Hatteras Line the stream separates from the continental margin. 
Essentially unconstrained by bottom topography, meander variance doubles every 50 km, with 
the most energetic meanders having wavelengths of 180-460 km with periods of 4-100 days 
(Tracey and Watts 1986) (Andres et al. 2016). 
 
3.1.2 - Background: GS MHK 
 Preliminary results from region-specific models indicate that variability in Gulf Stream 
position is the main cause of variability in the available Marine Hydrokinetic Energy (MHK) 
resource at a given location. Observations and model estimates at the ADCP mooring site in 
Figure 3.1 suggest the average power density is 798 and 641 W/m2 respectively 75 m below the 
surface between August 1, 2013 and April 28, 2014 (Figure 3.2) (Lowcher et al., 2014). Annual 
model power density estimates at different locations (Table 3.1) along the Cape Hatteras Line at 
a depth of 75 m are provided in Figure 3.3. The marked variability in power density at a given 
location from year to year accentuates the importance of location consideration for GS MHK 
harvesting, and the annual variability at a single location.   
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Figure 3.2: Time series of the power density at 75 m from August 1, 2013 through April 28, 
2014. Model time series is shown in red and ADCP time series in blue. The red horizontal bar 
shows the model power density average of 641 W/m2, and the blue horizontal bar shows the 
ADCP power density of 798 W/m2 (from Lowcher et al., 2014). 
   
Table 3.1:  Cape Hatteras Line locations and water depths at the modeled annual power 




Figure 3.3:  Five-year model annual power density averages from 2009-2013 at 75 m at multiple 
stations on the Cape Hatteras Line with locations given in Table 3.1. Red vertical bars represent 
the ADCP location.  
 The observations presented herein will identify several vital engineering considerations 
required for turbine and mooring design here. Strong onshore flow, and frequent flow reversals 
that occur with meander troughs detailed in chapter four of this dissertation, suggest a turbine 
will be required to withstand multidirectional flow. The enhanced current resource at shallower 
depths implies turbines will have to be engineered to prevent damage from surface waves. Strong 
shears at depth, and instabilities caused by the potential existence of internal waves that enhance 
the shear profile will demonstrate significant mooring design challenges.  
The GS edge is on average 40 km offshore of Cape Hatteras. The relatively small 
variability in stream position, resource proximity to land, and access to high current velocities in 
relatively shallow water have made the Cape Hatteras Line the focus of the NCROEP 




3.2 - Observations 
 GS observations for the NCROEP began in 2013. Several different types of long term 
consistent measurements have been made off of Cape Hatteras, N.C. (Figure 3.1): hourly surface 
currents from a land based HF radar network, moored current measurements over nearly the 
entire water column from a 150 kHz Acoustic Doppler Current Profiler (ADCP) at one location, 
several cross-stream current measurements from vessel mounted ADCPs, and water 
Conductivity Temperature Depth (CTD) measurements from moorings and vessel casts that 
characterize different water masses present. The observations reveal the GS flow field, help 
determine the skill of an existing Mid Atlantic Bight/South Atlantic Bight Regional Ocean 
Model (He, 2010) in estimating the temporal and spatial variability of the GS resource, and 
elucidate the engineering challenges inherent in turbine and mooring deployment for energy 
extraction from the GS. This manuscript will present observations from CTDs and ADCPs that 
were both moored and vessel mounted. Radar observations and analysis are presented in chapter 
2. In depth analysis of stream meander kinematics from moored ADCP and HF currents are 
discussed in chapter 4.  
 Below, we detail the observations made since they began in 2013: transects made from 
small to larger more capable vessels, mooring measurements and instruments added to the 
mooring as our observations evolved. 
 
3.2.1 - Current measurements and CTD casts from vessels 
 Shipboard current measurements and CTD casts on a cross-stream section have been 
gathered as weather and vessel opportunity allowed, since 2013. The vessel measurements 
provide information about the GS velocity structure, the variability in MHK energy with water 
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depth and location, and baroclinic structure near 35 degrees north latitude. Early measurements 
followed a 14-km cross-stream/cross isobath transect that intersected the moored ADCP location 
(Figure 3.1), from the 100 m to the 1000 m isobath in a small vessel with a downward looking 
Teledyne 300 kHz Sentinel ADCP. The small vessel measures currents in the top 100 m of the 
water column with one meter vertical resolution, with the shallowest current measurement seven 
meters below the surface. Measurements compared well with the moored ADCP current 
observations where they overlapped in space and time.  
 In 2016, we extended our measurements on the Cape Hatteras Line across the GS into the 
offshore anticyclonic shear zone where GS current speeds were less than 1 m/s (~70 km) on the 
RV Armstrong’s first Science Verification Cruise (SVC1). Later, as part of a larger National 
Science Foundation project - Processes driving Exchange At Cape Hatteras (PEACH), we 
explored several cross-stream transects (Figure 3.4) using the same vessel.  
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Figure 3.4: Large vessel cross stream current transects made in April, 2017 at 6 different 
locations off Cape Hatteras, NC. Currents were measured to water depths of 1500m along these 
transects. Figures below use the labels given on this figure. Arrows indicate the downstream 
direction chosen to be the direction of the maximum velocity vector. 
 The RV Armstrong has three hull mounted Teledyne ADCPs - 300, 150, and 38 kHz with 
vertical resolutions of 2, 5, and 20 m respectively. All vessel-mounted ADCP current 
measurements were made absolute by using ancillary systems to measure vessel heading, 
velocity, pitch, tilt, and roll, and remove them from current measurements. The vessel also has a 
rosette sampler with a Seabird 911 CTD capable of making casts to the ocean bottom along the 
extent of the transects with spatial resolution of 1 m. Current measurements made during casts, 
while the vessel was not underway, are of poor quality and not used for analysis. Deep CTD 
casts, below 1600m, take multiple hours to complete. Thus, the velocity and shear profiles at the 
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cast location were estimated using the average of the current measurements made immediately 
preceding and following the cast.  
 In 2017, we outfitted the 42’ vessel Miss Caroline to continue to make 70 km stream 
crossings along the Cape Hatteras Line (GS2 in Figure 3.4) measuring currents to depths in 
excess of 400m using hull mounted 300 and 75 kHz ADCPs, with 2 m and 16 m resolution 
respectively. We have made 3 GS crossings along GS2 on February 20, February 27, and August 
31 2018 with the new vessel, and continue to do so. Additionally, a Seabird Thermosalinograph 
makes continuous (1 Hz) surface temperature and salinity measurements along the shiptrack 
(Figure 3.5).  
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Figure 3.5: Vessel Miss Caroline measurements along the Cape Hatteras transect measuring 
surface temperatures and current velocities beneath the vessel made on February 20th, 2018. 
 
3.2.2 - 150 kHz ADCP and CTD Mooring 
 We have maintained a mooring on the upper slope in water depths of ~230m since 
August 1, 2013 (Figure 3.1). The mooring contains a 150 kHz Teledyne Sentinel ADCP, Seabird 
SBE 37SM CTD, and Multielectronique passive acoustic hydrophone. Initially, it was recovered 
and replaced every six to nine months. More recently, we have recovered and replaced the 
mooring on an annual cycle, taking advantage of favorable summer weather. The ADCP 
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measures currents with 4-m vertical resolution over most of the water column every ten minutes 
- excluding only the bottom 8 m, and top ~28 m. The 10 minute measurements are then quality 
controlled and hourly averaged. Most of the mooring deployments, 5 of 6, included a pumped 
CTD. Conductivity, temperature, and depth measurements are made every 10 minutes from the 
pod CTD. Each ten- minute measurement is a four-sample average.  The CTD data provide a 
proxy for the water mass type present over the mooring during current measurements. The 
passive acoustic hydrophone was added in 2015, and records marine mammal soundings near the 
pod. It is part of a collaborative project with Lindsay Dubbs at the Coastal Studies Institute (CSI) 
to determine how the presence of marine mammals near the mooring is influenced by presence 
and variability in the GS and different water masses.  
 
3.3 - Methods 
3.3.1 - GS transect current measurements and CTD casts from vessels 
 The following analysis pertains to measurements made from the RV Armstrong’s three 
hull mounted ADCPs, and a CTD cast made from that vessel. Vessel current measurements were 
rotated into streamwise coordinates specific to each transect. Streamwise coordinates were 
selected such that the positive downstream direction (y) was that of the maximum velocity vector 
over the transect, or the direction of the GS Jet. The depth of the maximum velocity vector on the 
Cape Hatteras Line used in subsequent analysis was 13m. The cross-stream direction (x) selected 
is positive clockwise perpendicular to the downstream direction, or nearly cross isobath offshore.  
 Shears in streamwise velocity (v) with depth and cross-stream distance, ᑯv/ᑯz and ᑯv/ᑯx 
respectively, were derived from the downstream velocities.  The resolutions of the shear 
measurements presented are the same as individual ADCP velocity resolutions: 2, 5, and 20 m 
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for the 300, 150, and 38 kHz respectively. In Figure 3.6, the white curves running offshore 
delineate different ADCP coverage from the 300 kHz ADCP near the surface to the 38 kHz 
ADCP at depth.  The velocity profiles from each ADCP at the CTD cast location are shown in 
Figure 3.7.  
 
Figure 3.6: Left to right: Downstream velocity, shear with depth (ᑯv/ᑯz), and shear with cross 
stream distance (ᑯv/ᑯx). Vertical black line denotes the location of a CTD cast, from surface to 




Figure 3.7: Downstream ‘v’ and cross stream ‘u’ velocity components measured from the 
Armstrong’s 38, 150, and 300 kHz ADCPs at the CTD 54 cast location shown in Figure 4. 
 From the ADCP velocities at the CTD cast (Figure 3.7), the shear squared profile, where 
u is the cross-stream velocity, v is the downstream velocity, and z is the water depth, is 













Figure 3.8: Profiles of the S2 derived directly from the cast 54 velocity measurements in Figure 
3.7 from each ADCP. 
 The CTD cast was used to quantify the density stratification in the water column. To do 
so, the potential density was calculated from the salinity, temperature, and depth measurements 
made on the cast. From the potential density ‘𝜌’ profile, we calculate the buoyancy frequency 







where g is the local acceleration due to gravity. N2 was then smoothed to the resolution of each 
ADCP, 2m, 5m, and 20m, by convolving salinity and temperature used for density derivations 
from the CTD cast with 4, 10, and 40 point Bartlett windows respectively (Figure 3.9) to use in 
further analysis with the S2 profiles from each ADCP with those resolutions.  
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Figure 3.9: Smoothed profiles of the buoyancy frequency squared derived directly from the 
potential density measured on CTD cast 54. 
 To assess susceptibility to shear instabilities where the shears are high, the Richardson 





The Richardson number profile is shown in Figure 3.10, with a vertical line at ¼, a value 
indicative of shear sufficient to mix the stratification (Mack and Schoeberlein, 2004). 
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Figure 3.10: Richardson number profile derived from ADCP velocity measurements and CTD 54 
cast. The vertical line at the value of ¼. 
 
3.3.2 - 150 kHz ADCP and CTD Mooring 
 The streamwise velocity for the moored ADCP current record was chosen to be the 
principal axis of the hourly depth averaged velocity vector for a 45-month time series.  Positive 
downstream is toward the northeast, positive cross-stream is ninety degrees clockwise to the 
downstream, or approximately offshore relative to the isobaths. The mean depth of the maximum 
current speed during the time series is 56 m and the mode is 28 m, the latter being the shallowest 
current measurements made from the ADCP mooring shown in Figure 3.1. Water depth at the 
mooring varies, with slight changes in mooring position, from a minimum of 224 m to a 
maximum of 260 m because of the challenges inherent in deploying instruments in a high current 




Figure 3.11: Water speed from 3 years and nine months (A) of current measurements made from 
the NCROEP 150 kHz ADCP mooring (location shown in Figure 3.1) May 2014 - January 2015 
highlighted, the second deployment showing cross stream velocity ‘U’ (B), direction of the 
maximum current (C) ,  and downstream velocity ‘V’ (D). Positive downstream is toward the 
northeast at 49 degrees, positive cross-stream is ninety degrees clockwise from downstream. 
 
3.4 - Results 
3.4.1 - MHK: Current measurements and CTD casts from vessel cross-stream vertical section 
 In 2016, we began making current observations from the R/V Neil Armstrong. Several 
cross-stream transects have now been made from that vessel along the Cape Hatteras Line, and at 
other locations off Cape Hatteras. The cross-stream transect measurements along the transects in 










Figure 3.12: Current measurements made at the transects shown in Figure 3.4 from north to 
south, A-F. The border colors of each figure coincide with the transect color in Figure 3.4. Black 
contours are locations where data are not available. Cross-stream scales are the same for all 
figures.  
 
 The transects at different locations demonstrate the difference in the velocity structure of 
the stream that can occur at different latitudes (Figure 3.12), keeping in mind the crossing angle 
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with respect to downstream direction for each transect (Figure 3.4). These RV Armstrong vessel 
transects also measure the counter-flow below the stream from the upper limb of the DWBC, 
which is Upper Labrador Sea Water (ULSW) (Andres et al. 2017 and Pickart and Smethie 1993). 
The ULSW persistent flow south of Cape Hatteras was first seen during SVC1 cruise along GS2, 
and was later measured during the PEACH project vessel ADCP transects (Figure 3.12). Note 
the persistence in space of the counter flow from the southern-most transect, GS0, up to GS3, 
north of the Cape Hatteras Transect. At GS4, the apparent shoaling of the counter flow with 
respect to the transects is more likely the western flank of the slope sea gyre flow along the shelf 
break front (Csanady and Hamilton, 1988; Savidge and Austin, 2007). Further observations are 
required to determine if the ULSW flow here is persistent in time. It has now been observed 
beneath the stream on the Cape Hatteras Line in March 2016, May 2017, and August 2018. 
 Several CTD casts were made through the entire water column during the RV Neil 
Armstrong cruises.  Shears caused by the ULSW flow counter to the GS are greatest beginning at 
a depth of 400 m beneath the GS jet and decrease in magnitude and deepen offshore.  Shears 
from the counter flow reach nearly the magnitude of those in the upper water column within the 
stream’s cyclonic shear zone (Figure 3.8). Analysis of the current velocity (Figure 3.7) and 
density structure at the cast locations provides valuable insights about the susceptibility of a 
mooring line or turbine to reversals in current direction, shear, and turbulence. The following are 
the results from further analysis of the observations made at the cast location shown in Figure 
3.6. Recall the resolution for each instrument is 2, 5, and 20 m for the 300, 150, and 38 kHz 
ADCPs respectively.  
 The greatest shears appear in the upper 200 m of the water column - in and beneath the 
jet- and again at the base of the stream, where the flow reverses from the northeastward stream 
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flow to the Upper Labrador Sea Water (ULSW) in the upper limb of the Deep Western Boundary 
Current, which is towards the south/southwest (Figure 3.8). Quantifying the shear in these zones 
is essential for successful turbine and mooring development in the upper 200m, and for mooring 
design in deeper water.  
 The N2 profiles (Figure 3.9) show high stratification in the upper 200 m of the water 
column in the jet, and again at depth where stream flow transitions to Deep Western Boundary 
Current flow in the opposite direction. Note that the same zones that exhibit high stratification 
also exhibit higher shears. And, that despite the high variability in the buoyancy frequency 
smoothed to coincide with the resolution of the higher frequency ADCPs, the mean N2 values for 
all three ADCPs appear to be in agreement. This isn’t the case with individual S2 profiles from 
each ADCP, a point investigated further in the discussion. 
 If the Richardson number is ¼ or less, velocity shear is significant enough mix the 
stratification in the water column. Indeed, Richardson numbers less than one have been shown to 
be low enough to induce mixing in the Subtropical Atlantic (Mack and Schoebel, 2004). Note 
that this occurs both in the top 100 m surface layer, and in the transition zone between the GS 
and ULSW (Figure 3.10), between depths of 400-600 m (Andres et al. 2017).  
 
3.4.2 - 150 kHz ADCP and CTD Mooring 
 The percentage of exceedance for different speeds from the first three years and nine 
months of mooring measurements, at 40 m and 76 m below the surface, is given in Table 3.2. 
The depths were chosen for comparison because they are potentially viable water column 
locations for a turbine, and to contrast the difference in the frequency of occurrence of current 
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speeds between 1 m/s and 2 m/s at both depths. Previous analysis by Bane et. al (2017) focused 
only on 76 m below the surface.  
Table 3.2: Comparison of three years and nine months of measured current speeds at different 
depths from the ADCP mooring location in Figure 3.1. 
 
Table of percentage of good measurements greater than Water Speed (m/s) 
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 
Depth (m) 
40 98.72 94.41 86.82 76.43 63.96 50.15 35.37 20.62 7.84 1.87 0.26 
76 98.22 90.94 79.49 64.44 54.31 38.96 23.57 9.45 2.52 0.42 0 
 
 The currents exhibit much variability at the mooring location in Figure 3.1 as the GS 
meanders over the mooring and back offshore. A considerable amount of vertical shear during 
times when the currents exceed 2 m/s is also apparent in the current speeds. Note the high 
percentage of the time when current speeds are less than 1 m/s.  Slower current speeds over the 
mooring are likely the result of frequent meander passages that occur with a period of 3-8 days 
(Savidge 2004), and GS path shifts that position the GS offshore of the mooring for a week or 
more (Figure 3.11). Focusing on the second mooring deployment time series, outlined in red in 
Figure 3.11, several flow reversals are notable during the nine months, with the first occurrence 
in June 2014, and several thereafter including three in October 2014 (Figure 3.11c). Most of 
these occurrences exhibit shoreward cross-stream current, and near-zero or reversal, 
south/southwest flow, of the downstream current. These instances likely accompany the 
existence of a meander trough offshore of the mooring.  
 The vertical shear in the downstream and cross-stream directions, ᑯv/ᑯz and ᑯu/ᑯz 
respectively, for the second ADCP deployment are shown in Figure 3.13b and 3.13d respectively 
along with downstream and cross-stream velocities. Shear maxima in the downstream direction 
from the mooring agree with the magnitudes of the downstream shear maxima seen in the vessel 
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transect in Figure 3.6. The currents and shears seen during the second deployment have many 
notable events. Early in May, when downstream and onshore cross-stream velocities are both 
high throughout the entire water column (Figure 3.13), large positive downstream and onshore 
shears occur close to the bottom. This event likely coincides with meander crest incursion over 
the mooring, and repeats itself several times over the time series. During periods when 
downstream currents approach 2 m/s in the top half of the water column, like the first week of 
July, downstream and offshore cross-stream shear maxima are apparent mid-water column. This 
occurs when the downstream direction is very close to the mean of 46 degrees. Flow reversals 
that occur when the stream is offshore of the mooring, like those seen in October in the feather 
plot in Figure 3.11c, coincide with lower shears (Figure 3.13) in the water column typical of the 
GS being absent at the mooring.  
 
Figure 3.13: Downstream and cross-stream velocities and shears during the second mooring 
deployment from May 2014 - January 2015. 
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 A closer look at the time series of the currents from November 2014 (Figure 3.14) further 
explores the character of the currents as meanders propagate past the mooring. Note the 
asymmetric deepening, from about 100 to 200 meters, of the faster current speeds in excess of 1 
m/s as the current veers counter clockwise on several occasions during the month. Also, note the 
character of the current during the flow reversal events on November 3rd, 16th, and 27-29th. 
During the reversal, the current veers from the mean northeastward direction to a 
south/southwestward flow of about 50 cm/s. The flow reversal likely results from the cyclonic 
circulation associated with the inshore side of a passing meander trough. This is also evident in 
the strong onshore currents that precede the flow reversal on November 3rd, indicative of the 
approach of a meander trough. The reversal events around November 16th and 28th are not as 
pronounced, with lesser negative downstream speeds relative to the November 3rd event, and 
less pronounced onshore currents. These events are discussed in detail in Chapter 4 of this 
dissertation, with additional observations that corroborate the changes in the GS that lead to the 
flow reversals.   
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Figure 3.14: ADCP observations from November 2014 from top to bottom: downstream 
direction for the maximum velocity vector with the red line being the mean of 46 true compass 
degrees, cross-stream velocity as a function of depth and time, top ADCP bin velocity vector, 
and the downstream velocity as a function of depth and time. 
 The mean velocities and shears for each ADCP mooring deployment time series are 
shown in Figure 3.15.  Downstream velocities have a gradual nearly linear decrease from near 
surface to bottom. Cross-stream velocities are all negative (shoreward), thus nearly all cross- 
stream shears are negative. Note the inflection point in the cross-stream velocities that exists 
beneath about 75 meters. Although the bottom moorings are not all deployed at exactly the same 
depth, depths range from 220-265 meters, they do have consistent downstream velocity and 
shear profiles. The largest downstream velocity means are seen in deployment three. Deployment 
three also has the smallest shoreward cross-stream mean velocity near the surface. Two 
downstream shear maxima are present in all deployment means, one at the base of the jet at 
around 100 m, and another sometimes larger secondary maxima between 200 and 250 meters. 
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Strong cross-stream mean velocities of about 20 cm/s occur 50 meters below the surface for 
three-fifths of the deployments; with deployments 3 and 5 being the exceptions having half the 
mean shoreward current speeds at that depth. Cross-stream shears have two minima between 
about 50 and 100 meters, and another beneath 150 meters, with most having smaller minima at 
depth. The deepest deployment 5 being the exception. There is an inflection point in the cross-
stream shear profile that exists between 100 and 150 meters for all deployments.  
 Gulf Stream transect (GS2) vessel velocity profiles, despite being nearly instantaneous 
velocity measurements rather than long term means, demonstrate the same character as the long-
term velocity and shear means seen in the mooring measurements. Vessel transect GS2 (Figure 
3.12d) has a shoreward cross-stream velocity on the inshore side of the transect at the depths of 
the moorings. The center panel, ᑯv/ᑯz, in Figure 3.6 exhibits two downstream shear maxima 
beneath the jet and closer to the bottom at the mooring depth.   
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Figure 3.15: Mean downstream and cross-stream velocities and shears for each ADCP mooring 
deployment. Each color represents the deployment shown in the legend, with yellow being the 
deepest mooring deployed in 260m water depth. 
 The same mean downstream and cross-stream shears from Figure 3.15 are shown below 
in Figure 3.16, with plots including +/- one standard deviation and their associated maxima and 
minima for each mooring deployment. The standard deviation for the downstream is about fifty 
percent greater than that for the cross-stream, 6.5 x 10-3 vs. 4 x 10-3 s-1. Note that while the mean 
cross-stream shear is an order of magnitude less than that of the downstream shear, the 
magnitudes of the maxima and minima are nearly the same for each.  
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Figure 3.16: Mean downstream (left) and cross-stream (right) shear profiles for the 5 ADCP 
moorings. The curve in the middle is the mean, the dotted curves on either side are +/- one 
standard deviation from the mean, and the outer curves are the maxima and minima for each 
deployment time series. 
 
3.4.3 - Mooring CTD 
 In addition to the rich time series of current measurements made at the mooring, the CTD 
measurements allow identification of water mass types at the instrument during the deployment 
period - Mid Atlantic Bight and South Atlantic Bight water from the shelf, water from the Slope 
Sea, Deep Slope Water (DSLW), GS water (GSW), and perhaps North Atlantic Central Water 
(NACW) have all been identified at the mooring (Flagg et al. 2002) (Figure 3.17). Winter, 
spring, summer, and fall seasons are partitioned as December-February, March-May, June-
August, and September-November respectively. The salinity and temperature measurements 
indicate quite a distinct bimodal seasonality at the mooring over the three-year instrument 
deployment. Mid Atlantic Bight (MAB) seawater appears to extend down the upper continental 
slope only during the winter and spring when it is cooler, and hence denser, than the other 
seasons. Upper slope water, sometimes mixed with MAB water, and probably some South 
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Atlantic Bight Winter water in the more saline region, also tend to be present at the pod only in 
the cooler months (Flagg et al., 2002).  
 
Figure 3.17: Three years of CTD measurements from the ADCP pod at depths that range from 
~225-260 m (Figure 3.1) show the different water masses present at the pod. Water mass 
classification as given in Flagg et al., 2002 are Mid Atlantic Bight (MABW), South Atlantic Bight 
Water (SABW), Deep Slope Water (DSIW), Gulf Stream Water (GSW), and Deep Slope 
Water/North Atlantic Central Water (NACW). 
 
3.5 - Discussion 
 The observations presented herein provide several valuable insights about the Gulf 
Stream dynamics off Cape Hatteras, and inform the MHK community considering engineering 
solutions for energy extraction in this region. They also begin to explore phenomena seen here 





3.5.1 - Oceanography 
 The vessel transects made off Cape Hatteras provide several insights about the GS 
variability in velocity structure off Cape Hatteras, flow of ULSW south of the cape, potential 
instabilities caused by shearing in the stream, and where the stream meets the ULSW at depth, 
and the potential existence of internal waves. Repeated measurements along the Cape Hatteras 
Line demonstrate that the velocity structure may vary along the same transect depending on 
whether the stream lies along the continental slope, or offshore of it. The Gulf Stream “wiggly 
garden hose” analogy provided in Halkin and Rossby (1985), referring to the stream structure 
being relatively consistent at their “Pegasus Line” north of Cape Hatteras between 35013’ and 
360 27’ despite varying regularly in position, may not be germane here where the stream 
regularly interacts with the continental margin. Along the Cape Hatteras Line, cross-stream 
vessel transects suggest the velocity structure may be quite different when the stream abuts the 
shelf break relative to instances when it’s more offshore (Figure 3.12a-f). Figure 3.18 below 
shows the currents measured by Miss Caroline’s 75 kHz ADCP on separate dates along the Cape 
Hatteras Transect. The deepening of currents above 1 m/s by about 100 m in Figure 3.18a, when 
the current abuts the continental margin, is strikingly different from those in 3.18b. Also, the 
skewing of higher currents toward the shelf break is more apparent in Figure 3.18a, with current 





Figure 3.18:  : Velocity structure of the GS on the Cape Hatteras Line when it abutted the shelf 
break on February 20, 2018 (a), and when the GS was offshore of the continental margin on 
February 27, 2018 (b). 
 Flow of ULSW past Cape Hatteras was not thought to continue south of Cape Hatteras 
prior to the observations made in the vessel transects presented here and in Andres et al. (2017). 
Rather, the lower potential density ULSW first seen in SVC1 as a continuous southwestward 
flow beneath the GS was thought to be sheared off the upper limb of the DWBC and advected 
northeast with the GS (Pickart and Smethie 1993). CTD casts in this region verified that both 
lighter ULSW of neutral density (γ), 27.800 kg/m3 < γ < 27.897 kg/m3, and denser Classical 
Labrador Sea Water, 27.897 kg/m3 < γ < 27.983 kg/m3, continued to the southwest beneath the 
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stream (Andres, et al. 2017). The persistence of this flow over time is uncertain.  It has been 
measured on three separate cruises, and from two different vessels, along the Cape Hatteras 
transect to date: on March 2016, May 2017, and August 2018.  
 Velocity shear where ULSW passes beneath the stream can reach the same magnitude as 
that seen in the upper 200m of the water column in the GS jet. An increase in thermal wind shear 
caused by the difference in potential density along sloping isopycnals between the GS and 
ULSW likely contributes to the high shear between 400 and 600 m. From vessel velocity 
measurements and CTD casts, two zones were identified where both high shear and stratification 
exist simultaneously and the Richardson number approaches a value low enough to promote 
turbulent mixing of the stratification: one between 50 and 200 m beneath the jet, the other where 
stream water meets ULSW between 400 and 600 m.  
 The high wavenumber vertical variability in the streamwise current components in the 
top 200 m of the water column measured with the higher resolution 300 and 150 kHz ADCPs 
(Figure 3.7) may be indicative of near-inertial internal waves contributing to shear along sloping 
isopycnals like those previously studied in the Kuroshio (Rainville and Pinkel 2004).  The shear 
at small vertical scales, order 10 meters, may be dominated by this internal wave field and 
determine the dissipation rate of the kinetic energy when shear is significant (Nagai, et al. 2015). 
Note that the 38 kHz ADCP cannot resolve features at this vertical scale, thus whether these 
internal waves persist below 200 m cannot be determined from these observations (Figure 3.8). 
However, where the measurements between the different ADCPs overlap, between about 100 
and 200 meters below the surface, the higher S2 values that are resolved by the 150 kHz ADCP 
cause the Richardson number to be nearly an order of magnitude less than that computed from 
the 38 kHz ADCP. Because this difference in Ri exists at the depth limit of the 150 kHz ADCP 
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measurements, it can be hypothesized that it may extend deeper. An interesting thought 
experiment is to consider the same enhanced shear occurs between 400 and 600 meters, in the 
zone where shearing from the counter flowing ULSW exists. Here, the S2 values are maximum. 
If we suppose that additional, as yet unresolved, shear is caused by internal waves at this same 
depth, adding the S2 values seen at shallower depths, presumably due to internal waves, to the 
existing values nearly doubles them. The Richardson number is already very close to ¼ from the 
observed shear, adding shearing from internal waves would cause the Ri number to be less than 
¼, promoting vertical mixing. The mixing that occurs where GS flow transitions to ULSW flow 
may be important for nutrient and CO2 fluxes between the deep ocean and GS water. Frequent 
GS meanders off Hatteras, and the upwelling of deep GS water along isopycnals that 
accompanies them may help facilitate these fluxes (Bower and Rossby, 1989).  
 The rich current measurements made at the mooring site over three years and nine 
months provide the longest time series of current measurements available at this location. 
Meander kinematics will be discussed in further detail in chapter 4. The shear maxima that exist 
beneath 150 meters in both the downstream and cross-stream currents demonstrate the influence 
of frequent meanders over the mooring, with the strong shoreward cross shelf velocity 
component means suggesting the mooring was influenced often by stream meanders.  The 
agreement between deployments 1,2, and 4, and the discrepancy between them and deployments 
3 and 5, with the latter two having lower cross-stream velocities and shear beneath 150m is 
worth consideration. Deployment 5 is the deepest mooring depth at ~265m, yet the means agree 
well with deployment 3 which is in 224m of water, both having the largest downstream velocity, 
and smallest cross-stream velocity means near the surface suggests these deployments spent 
more time in the jet, with less influence from meanders. Meander trough approaches are led by 
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significant increases in cross-stream velocity, and increased shear in the water column as will be 
demonstrated in dissertation chapter 4.  
 
3.5.2 - MHK 
 All of the aforementioned oceanographic dynamics discussed also provide valuable 
information to the engineering community considering MHK development. The vessel transects 
and CTD casts are valuable for optimizing the depth of mooring locations based on available 
MHK current resource, velocity and shear characterization, and water column stability. The 
effects of the enhanced velocity shear from internal waves on moorings requires more 
observations, like lowering a higher frequency ADCP on a cast through this zone, to determine 
the depth to which they persist. The high shears between 400 and 600 meters where the base of 
the stream meets the counter flow of the ULSW may be greater than that measured, and is 
already significant for mooring design consideration at these depths. Shear magnitudes in the 
downstream direction from the mooring are more than twice those seen in the vessel transects in 
deeper waters. The transects do show shears of up to ~0.03 s-1 up on the shelf in the vicinity of 
the mooring, while downstream shear maxima in the mooring are ~0.04 s-1, suggesting highest 
shears are caused by the interaction of the high GS currents with the bottom. These agree with 
shear maxima seen in the mooring current measurements.  
 Early in this study, a small vessel made measurements along the first 14 km of the Cape 
Hatteras Line on consecutive days.  The current measurements made of the top 100m along the 
Cape Hatteras transect from the 100 to 1000 meter isobaths demonstrate the change in power 
density that can occur in less than 24 hours as the stream meanders offshore (Figure 3.19) where 






where S is the current speed normal to and through the unit area, and 𝜌 is the potential density, 
chosen to be 1024 kg/m3 based on CTD data from the RV Armstrong at this location. The 
observations provide evidence of the higher frequency variability in power density from stream 
meanders that a turbine installation will experience, as well as the difference in power density at 
different depths. In this case the highest power density is seen at a depth of about 50 m below the 
surface, further evidence for consideration of a shallower turbine hub depth like that discussed in 
the moored current speed exceedance numbers. The small vessel transect depths range from 
about 65 meters on the inshore side to 1000 meters 15 km farther offshore.  
 
Figure 3.19: Power density, P derived from small vessel velocity measurements varies along the 




 Long-term currents measured by the mooring help to characterize the expected resource 
in greater detail than previously available. A comparison between the velocity available at 40m 
and 75m below the surface from the long mooring time series elucidates the expected differences 
in the available MHK resource at different depths -an important consideration for optimizing 
turbine location in the water column. About a ten percent greater occurrence of exceedance for 
speeds between 1 and 1.75 m/s exists between the two depths. Turbines located closer to the 
surface will necessarily require engineering to withstand the higher stresses caused by greater 
exposure to the surface wave field to take advantage of the greater resource. The frequent current 
rotations and flow reversals caused by the passage of meander troughs seen in the moored 
measurements will add increased torques to turbines here, and moorings will not exist as simple 
catenaries, but more complicated profiles with depth that will necessitate thoughtful engineering 
solutions. Additionally, the means from the mooring time series characterize the expected 
velocity shear in the water column, and quantify maximum velocity and shear experienced by 
any device at this location. The long term mean cross shelf velocities are all shoreward, with 
shear maxima at depths greater than 150m (Figure 13). Also notable are the maxima and minima 
for the long term mooring mean shears - about an order of magnitude greater than the mean 








3.6 - Summary and Future Work 
 Detailed observations have been presented that provide in situ views of the velocity 
structure, temperature, and salinity in the Gulf Stream off Cape Hatteras, N.C. They quantify 
spatial and temporal variability in the velocity and baroclinic structure along the Cape Hatteras 
Line, and provide a necessary basis for future MHK or even traditional utility development in the 
area.  
 Several vessel transects off Cape Hatteras focus on, but are not limited to, GS2 or the 
Cape Hatteras Line. The transects show the difference in velocity structure along different 
transects, and along the Cape Hatteras transect when the GS flows closer to the shelf break or is 
offshore of it. They quantify shearing, stratification, and water column stability from current 
measurements and CTD casts along the Cape Hatteras transect, and identify new features at this 
location like the possibly persistent ULSW flow beneath the stream and near inertial internal 
waves.  
 Analysis of a three year and nine-month time series of current, salinity, and temperature 
measurements from a mooring that contains a 150 kHz ADCP and CTD were presented that 
summarize the exceedance of currents at specific speeds at depths of 40 and 75 meters below the 
surface for future device design consideration. The measured currents show the influence of 
frequent GS meander propagation and path shifts over the mooring that produce flow reversals 
and strong shears throughout the water column. Downstream and cross-stream velocities, and 
long-term means demonstrate the persistent shoreward flow at the mooring that may be caused 
by the frequent approach of meander troughs. Several specific occurrences were noted for the 
month of November 2014. Salinity and temperature measurements identify the different water 
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masses, and suggest an annual bimodal pattern that differentiates the summer/fall from 
winter/spring water masses present at the mooring.  
 The observations currently support several collaborative and continuing engineering 
efforts on turbine and mooring design (Divi et al. 2017, Karim et al. 2018), economic assessment 
of GS MHK (Li et al. 2017), subsurface ADCP mooring design with NOAA’s Center for 
Operational Products and Services division, and research with Lindsay Dubb’s group to 
understand marine mammal abundance relative to Gulf Stream variability off Cape Hatteras.  
Future work will use hourly HF radar surface current measurements in conjunction with the 
moored ADCP currents to provide detailed examination and analysis of GS meander propagation 
at the mooring site. Further analysis of CTD and ADCP observations may enhance 
understanding of the complex interplay between shelf water masses of the South Atlantic Bight, 
Mid-Atlantic Bight, and Slope Sea, as well as deeper waters down the continental slope like the 
ULSW, with Gulf Stream variability. Observations also identify new phenomena that warrant 
further research like: the potentially persistent flow of ULSW beneath the GS, near-inertial 
waves in the top 200 m of the water column and possibly deeper, variability in GS velocity 
structure dependence on stream location relative to the continental margin, and the effects of 
internal waves on the shear profiles within and beneath the stream, and their influence on 
important exchange processes like CO2 fluxes at strong mixing zones between differing water 





CHAPTER 4: AN OBSERVATION-BASED STUDY OF MEANDER KINEMATICS OFF 
CAPE HATTERAS, N.C. 
 
4.1 - Introduction 
 The propagation and evolution of Gulf Stream (GS) meanders have been studied 
extensively both north and south of Cape Hatteras, with less attention given to the meander 
transition region near the cape. As a result, meander propagation past Cape Hatteras, and 
potential linkages between the two very different biogeophysical meander regimes to the north 
and south are not well understood (Savidge, 2004).  Recent potential changes in the GS system 
make understanding these connections increasingly important. For example, indications of a 
recent westward shift of the GS destabilization point after it leaves the continental margin 
suggests enhanced exchange between the GS and the Mid Atlantic Bight (MAB), and increased 
high salinity warm water intrusions onto the MAB shelf and upper slope from the GS (Andres, 
2016; Gawarkiewicz et al., 2012; Zhang and Gawarkiewicz, 2015). 
 This paper presents observations that investigate GS meander properties and propagation 
offshore of Cape Hatteras by integrating current measurements from a moored Acoustic Doppler 
Current Profiler (ADCP) with high frequency radar (HFR) surface current measurements and 
satellite Sea Surface Temperatures (SSTs) during November 2014. The ADCP measurements 
provide well-resolved current observations throughout most of the water column, while hourly 
surface current measurements from HF radars and available satellite SST’s provide spatial 
context to the GS orientation, meander propagation, and circulation in the region of the ADCP 
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mooring. Together, these observations provide new insights about meander propagation and 
evolution in this important transition region. 
 
4.1.1 - Background 
 Investigation of GS meander propagation has a rich history, with GS variability being 
recognized as far back as the sixteenth century (Brooks and Bane, 1983). Meander evolution has 
been studied extensively both north and south of Cape Hatteras (Savidge, 2004). Upstream of 
Cape Hatteras, the GS is deflected seaward between 31 and 320 N latitude by the Charleston 
Bump (Brooks and Bane, 1978), a prominent topographic feature on the Blake Plateau where 
water depth decreases abruptly from more than 700 m to less than 375 m (Sedberry, 2010). 
Previous investigations have shown the deflection is bimodal, with both strongly and weakly 
deflected states typically occurring in the Fall/Winter and Spring/Summer respectively. Both 
have been shown to have a significant downstream impact on Gulf Stream variability. Meanders 
when the GS is strongly deflected have periods between 14 and 20 days, with weakly deflected 
meanders having 4-8 day periods (Bane and Dewar, 1988). Meander lateral amplitudes of around 
50 km are greatest at the initial deflection, and decrease downstream to a minimum of about 10 
km at Cape Hatteras (Miller, 1994). Typical meander wavelengths in this upstream region are 
100-250 km, with propagation speeds of 30-40 km/day (Brooks and Bane, 1981). Both baroclinic 
and barotropic processes contribute to meander growth and decay (Luther and Bane, 1985; 
Dewar and Bane, 1985), with energy exchanged between meanders and the mean flow (Kang 
and Curchitser, 2015) and lost by internal wave formation and near-bottom mixing (Todd, 2017). 
 At Cape Hatteras, the GS leaves the continental margin and transitions from a 
topographically steered western boundary current on the Blake Plateau into water depths that 
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increase from 2000 m to 4500 m. Between 730 and 680 W, meanders increase in lateral amplitude 
from ~10 to ~100 km with periods of 4-100 days. Propagation rates increase from about 14 km/d 
for longer periods and wavelengths of about 33 days and 460 km, to 45 km/d for shorter 4-day 
180 km meanders (Tracey and Watts, 1986).   In the region offshore of Cape Hatteras, the Deep 
Western Boundary Current (DWBC) passes beneath the GS, potentially contributing to meander 
growth (Dewar and Bane, 1989).  
 An instructive kinematic depiction of meander structure along the Carolina coastline was 
presented in Bane et al (1981). John Bane kindly shared the color version not included in the 
original publication, and depictions of meander features were added (Figure 4.1).  Note the 
asymmetry of the meander crests, and the associated skewness in the deepening of the warm 
isotherms as the meander crest propagates to the northeast. The deepening of the isotherms is 
analogous to the deepening of higher current speeds that also accompany the meander 
propagation. The cool water in the meander trough is indicative of the upwelling that is often 
accompanied by frontal eddies that form there, and highlights the biogeochemical importance of 
these “nutrient pumps” (Glenn and Ebbesmeyer, 1994). A GS filament, which can form at a 
meander crest and is typically less than 100 m deep (Bane et al, 1981), is one mechanism for 
warm saline GS water to be advected onto the continental shelf. 
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Figure 4.1: Gulf Stream meander SST image (upper left) and associated volume view meander 
features annotated (from Bane et al, 1981) (lower right).  
 Previous studies suggest GS variability upstream should affect downstream variability 
(Vazquez and Watts, 1985). Frontal eddies upstream of Cape Hatteras have been shown to 
propagate intact through this transition region by Glenn and Ebbesmeyer (1994b), without 
explicitly demonstrating the same for their accompanying meanders. The observations presented 
here provide evidence for meander propagation past Cape Hatteras, and thus suggest the 
importance of understanding their contribution to downstream variability.  
 
4.2 - Observation Methods 
 Three types of observations made during November 2014 were used to observe GS 
meander evolution in the focus region (Figure 4.2):  ADCP current measurements from a 
mooring east of Cape Hatteras, HF radar surface currents from the land based Southeast Coastal 
Ocean Observing Regional Association (SECOORA) network, and satellite SSTs from the 
Rutgers University Center for Ocean Observing Leadership. ADCP and HF Radar data were 
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quality controlled to Integrated Ocean Observing System standards: Quality Assurance of Real 
Time Oceanographic Data. 
 
Figure 4.2: A map of the study focus region. ADCP mooring is the star offshore of the 100 m 
bold isobath. Land based HF radar locations are located at the lightning bolts with their 4-letter 
identifiers. 
 The ADCP mooring was maintained on the upper slope east of Cape Hatteras at ~35.19 N 
and 75.06 W in a water depth of 260 m. The mooring contained a 150 kHz Teledyne Sentinel 
ADCP. The ADCP measures currents with 4-m vertical resolution over most of the water column 
every ten minutes, excluding only the bottom 8 m, and top ~28 m. The 10-minute measurements 
were hourly averaged. The ADCP currents were rotated into a streamwise coordinate system 
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such that the downstream direction was the depth averaged and time averaged direction over the 
entire monthly record:  37 degrees and northeastward in this case. The positive cross-stream 
direction (90 degrees clockwise from the downstream direction) is nearly cross-isobath offshore. 
Details of the mooring are further discussed in the “Gulf Stream Marine Hydrokinetic Energy” 
chapter of this dissertation.  
 Hourly surface current measurements in the top 2.7m of the water column, made from a 
land-based HFR network of 5 MHz Codar Ocean Sensors radars were used to provide more 
frequent observations over a greater spatial region to provide context to surface processes than 
were available by satellite SST imagery alone.  Total surface currents are vector sums of radial 
surface current observations from four HFRs located on the Virginia and North Carolina coast 
that consistently measure surface currents across the GS transition zone. Recall that HFRs in the 
Integrated Ocean Observing System (IOOS) are given four letter identifiers; LISL is located in 
Little Island Park in Sandbridge, Va., DUCK is at the Field Research Facility in Duck, N.C., 
HATY is located in Buxton, N.C. on the northside of Cape Hatteras, and CORE is on the Core 
Banks of N.C. north of Cape Lookout at the National Parks Service’s Great Island Campground. 
This study uses the results from the method developed to identify GS position, surface-jet width, 
and orientation with individual radars, and total surface currents from the combined HFR 
network. Radar and algorithm details are provided in the “Gulf Stream Position, Width, and 
Orientation Estimates with HF Radar off Cape Hatteras, N.C.” chapter of this dissertation, and 
are not repeated here for brevity. 
 Satellite SSTs were provided courtesy of the Rutgers University Coastal Ocean 
Observing Lab. Products used for this work include only the satellite sea surface temperature 
imagery collected from the National Oceanic and Atmospheric Association (NOAA) Advanced 
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Very High Resolution Radiometer (AVHRR) and Terra Moderate Resolution Imaging 
Spectroradiometer (MODIS). 
 
4.3 - Results 
4.3.1 - November 2014 Overview 
 The hourly HFR and ADCP current measurements provide consistent characterization of 
the current environment off Cape Hatteras during November 2014. It is informative to first 
characterize the GS environment during the month by exploring mean monthly surface currents, 
algorithm estimates of GS position and variability, and frequency and nature of meander events. 
With that foundation, I then detail the character of specific meander passages by integrating 
available SST’s, HFR surface currents, and ADCP current measurements throughout the water 
column.  
 HFRs provide consistent estimates of GS position and orientation, meander propagation, 
and circulation in the region of the ADCP mooring. The method presented in chapter 2 of this 
dissertation was used to define the mean location and variability of the GS edge and jet relative 
to the ADCP. Figure 4.3 shows the November 2014 mean positions of the GS edge and jet along 
the three bearings closest to the ADCP mooring - one from CORE and two from HATY. Recall, 
the GS method selects the GS edge at the largest gradient in radial velocity, and the jet at the 
location of the maximum radial velocity along select bearings. The CORE 72 bearing estimates 
are not included because of the high uncertainty caused by the estimates being made at great 
distance from the radar. Note that the ADCP, the red star offshore of the bold 100 m isobath, lies 




Figure 4.3: Mean GS edge and jet positions at blue squares and black squares respectively, 
along select HFR bearings from CORE and HATY for November 2014. The ADCP mooring is 
located at the red star just offshore of the bold 100m isobath. 
 Monthly mean surface currents measured by the radar at the location of the ADCP are 
0.8-0.9 m/s due to frequent GS incursions over the mooring (Figure 4.4).  
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Figure 4.4: Mean total surface current speeds from the radar network for November 2014. 
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 The distribution of the algorithm’s GS edge and jet picks (Figures 4.5 and 4.6) relative to 
the ADCP demonstrate the variability caused by frequent meander passages at the mooring. The 
frequent incursions of the GS edge landward of the 100 m isobath (Figure 4.5) along the HATY 
87 degree bearing (identified in Figure 4.3) may explain the higher mean current speeds near the 
ADCP (Figure 4.4). The jet distributions are seaward of the 1000 m isobath. The HATY 87 
distribution shows a higher incidence of the jet close to the 1000 m isobath than the other 
locations (Figure 4.6). 
 
Figure 4.5: The GS edge location distributions from the algorithm for select CORE and HATY 




Figure 4.6: The GS jet axis location distributions from the algorithm for select CORE and HATY 
bearings during November 2014. The ADCP is located at the red ‘X’ 
 Meander passages identified as variability in GS edge and jet positions from the radar 
data near the ADCP are apparent in the monthly time series of the ADCP downstream currents 
(Figure 4.7). Meander propagation over the mooring is recognizable in the alternating current 
increases, decreases, and occasional reversals. Deepening rapid downstream currents in the water 
column indicate the approach of a meander crest, while decreases in downstream currents 
indicate approaching troughs. Upstream-directed currents are the likely result of eddy circulation 
in meander troughs (Glenn and Ebbesmeyer, 1994). The skewness mentioned previously in the 
analogous deepening of warm isotherms with the meander passage in Figure 4.1 can now be seen 
in the deepening higher downstream current velocities measured by the ADCP over the time 
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period of a meander passage. Indeed, several meander events in Figure 4.7 are Eulerian 
depictions of the meander in Figure 4.1 moving past the mooring.  
 The downstream component of the current time-series from the ADCP contains five or 
six meander passages over the mooring, identified by the downstream current increases, with 
four prominent meanders propagating over the ADCP during the month. Meander periods during 
the month are about 5-6 days. Where the downstream-velocity maxima are seen in the water 
column, currents reach 2.5 m/s, with current reversals sometimes in excess of 50 cm/s (Figure 
4.7).  
 
Figure 4.7: Downstream velocity from the month-long ADCP time series with identified meander 
features. The area in black is where data are not available.   
 
4.3.2 - Vertical Current structure from the ADCP 
 The measured currents are well resolved over most of the water column, and provide rich 
current and shear structure detail in the downstream and cross-stream directions. It is useful to 
examine the downstream and cross-stream currents with corresponding temperature variations at 
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the mooring to gain understanding of meander evolution, and identify similarities and differences 
between events (Figure 4.8). Examining the downstream and cross-stream variability first is 
helpful to discern the more complicated associated shear profiles (Figure 4.9).  
 
Figure 4.8: Downstream and cross-stream velocities with accompanying bottom temperatures on 
the mooring from the ADCP. Three meander crests with similar characteristics are boxed. Black 
contour curves outline velocity zero crossings. 
 Several attributes manifest themselves repeatedly with the alternating presence of 
meander crests and troughs over the ADCP. It is useful to explore the events that begin around 
November 5, 13th, and 17th first. The changes that occur in the down and cross-stream velocities 
during these three events are consistent in character, and with the meander depicted in Figure 
4.1.  
 The time from crest to trough is much greater than that from trough to crest, resulting in 
the asymmetry in the downstream velocity structure. Strong downstream currents occupy an 
increasing portion of the water column as a crest approaches, and a decreasing fraction as a 
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trough approaches. The deepening of strengthening downstream velocities with approaching 
crests is often accompanied by an increase in upstream velocities near the bottom. The greater 
downstream velocities with the approaching crest that deepen beyond 100 m bifurcate, causing 
high currents near the surface, slower flow beneath them, and a second maximum in downstream 
flow in the lower 100 m around the 9th, 13th, and 19th (Figure 4.8).  
 Cross-stream flow is offshore as a crest approaches, and transitions to onshore as a trough 
approaches. Note that this transition to onshore flow occurs first at depths of ~100-150 m, about 
~12-24 hours prior to the change near the surface, and that the onshore flow at depth coincides 
very nearly with the deepening of along-stream currents and increase in temperature at the 
ADCP (Figure 4.8- events outlined). The increase in upstream currents near the bottom with an 
approaching crest are often accompanied by onshore currents in the same region. Low 
temperatures at the mooring usually correspond with offshore flow in the top ~100 m of the 
water column, although offshore flow persists during the large increases in bottom temperature at 
the mooring that usually lead the transition to onshore flow near the approaching trough.  
 Events at the beginning and end of the month, as well as the approaching crest on the 
23rd have several aspects that differ from the three events that begin on the 5th, 13th, and 17th. 
The event from November 1st-4th is perhaps most dissimilar. Unlike the other crest to trough 
transitions discussed, large downstream currents persist at depth until the 2nd when the strongest 
upstream velocities occur in the upper 100 m, deepen, then slowly subside in the top 100m while 
increasing at depth between 100-200 m. Also in stark contrast are the deepening upstream 
currents that coincide with the highest spike in temperature at the instrument. And, just before 
November 3rd the highest offshore currents of the time series, about 40 cm/s, coincide with the 
largest upstream velocities (Figure 4.8).  
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 The increase and deepening in downstream current on November 23rd are accompanied 
by an increase in temperature at the mooring like the other events, but the depth profile of the 
high downstream currents is more symmetric over time. The switch to onshore currents occurs 
earlier during this event, coinciding with the increase in downstream flow, and like the other 
three events leads at depth before occurring in the top 100 m. The increase and deepening of the 
large downstream current on the 30th is much shallower, and thus results in a smaller 
temperature increase at the mooring. Rather than meander propagation along isobaths, the crest 
may be moving offshore in this instance.  
 
4.3.3 - Vertical Shear Structure from the ADCP 
 Having described the vertical current structure, it is informative to examine the shear 
profiles that result. Again, it is helpful to begin by considering the three similar events that begin 
on the 5th, 13th, and 17th, prior to exploring the events that differ. In all three, the deepening of 
the higher velocity current that occupies a greater portion of the water column during the 
meander crest approach is accompanied by deepening downstream (positive) shears at the 
velocity gradient from the 5th-10th, 12th-15th, and 17th-21st. The previously mentioned 
bifurcation in the deepening higher velocities causes associated shear profiles with positive 
shears near the surface that approach 0.02 s-1, then change to negative shears of the same 
magnitude beneath them, and return to positive shear below 100m, and sometimes reach 
magnitudes of 0.04 s-1 (Figure 4.9).  The largest shears observed during the time series 
accompany these events, and are all deeper than 100 m. The corresponding cross-stream shears 
also alternate from close to zero or slightly negative near the surface, to positive, and back to 
negative again at about the same depth as the alternating downstream shears. The positive cross-
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stream shears near the middle of the water column are some of the highest during the time series, 
often approaching 0.02 s-1. Although there is an apparent deepening of positive cross-stream 
shear that accompanies the deepening downstream current during the approaching crests, the 
shear structure is often intricate, with shear profiles that alternate sign up to six times over the 
water column as they do on the 14th.  
 Decreases in downstream velocities and occasional reversals, and increasing onshore 
cross-stream currents that coincide with approaching troughs typically exhibit an increase in the 
proportion of the water column with negative shears. The troughs on the 11-12th, 16th, and 22-
23rd are examples. The flow reversal on the 16th results in negative shear in the downstream 
direction over much of the water column. The shoreward velocity on the 16th produces higher 
negative cross-stream shears over much of the water column that are still interleaved with 
positive shears (Figure 4.9).  
 The event at the beginning of the month, from November 1st-4th, that differs from the 
others has a shear profile that is nearly opposite that of an approaching meander crest. The 
deepening of the upstream currents from November 2nd to the 3rd from the surface to depths of 
100 m are accompanied by negative downstream shear along their leading edge. Between 
November 3rd and 4th, when downstream velocities are slightly positive in the top 100 m, and 
upstream between about 100-200 m, the downstream shear profile is negative at the surface, 
positive near 100 m, negative between ~125-200 m, and positive again near the bottom. Cross-
stream velocities switch from offshore to onshore over most of the water column between 
November 2nd and 3rd, with a switch from positive to negative shears over much of the water 
column happening on the 3rd (Figure 4.9).  
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Figure 4.9: ADCP downstream and cross-stream velocities with associated downstream (ᑯv/ᑯz) 
and cross-stream (ᑯu/ᑯz) vertical shears, with zero current/shear contours in black. 
 
4.3.4 - ADCP and HFR: Meander Event 1 
 Exploring the meander propagation from November 4 -11, the longest in duration of the 
three events with similar characteristics, within the spatial context of the HFR surface currents 
provides a broader understanding of the event. Unfortunately, high quality SSTs are not available 
during this period. Figures 4.10-4.17 provide HFR surface current snapshots at 20:00 Greenwich 
Mean Time (GMT) each day, with the ADCP location appearing as a red asterisk on the left 
image. The radar times were chosen to reduce night time ionospheric interference that tends to 
limit range (Menelle et al., 2008). Beginning November 2nd, the end of daylight savings time, 
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the local time was GMT-5, or 1500 Eastern Standard Time (EST).  The ADCP surface current 
speeds are included in the HFR image title, and associated downstream ADCP current time 
series figure on the right contains a green vertical line at the time corresponding to the HFR 
figure. On November 4th near-surface current speeds at the ADCP is 0.85 m/s, and an 
approaching crest is apparent in the ADCP downstream currents (Figure 4.9), but isn’t obvious in 
the HFR currents (Figure 4.10). On the 5th, stronger downstream currents reach the ADCP, with 
surface currents increasing to 1.82 m/s, and deepening of the strong downstream currents in the 
water column. The meander crest becomes more apparent upstream of the ADCP in the surface 
current image (Figure 4.11), but cross-stream currents are still small at the surface with 
deepening offshore flow at about 100 meters (Figure 4.9). On the 6th, strong downstream 
currents deepen with corresponding positive downstream shears at the velocity gradient and 
deepening onshore flow in the same region beneath 100m (Figure 4.9).  The meander crest is not 
prominent in the HFR image (Figure 4.12), but ADCP near-surface speeds increase to 2.5 m/s. 
The meander crest asymmetry is more visible in the radar currents on the 7th (Figure 4.13). The 
ADCP near-surface speed is about 2 m/s, and strong positive shears are pervasive throughout the 
entire water column. Offshore flow exists in the region of strong downstream flow in the upper 
100m, with positive cross-stream shear at the base of the strong surface flow.  On the 8th, again 
the crest is less prominent in the surface currents (Figure 4.14). The upstream flow indicative of 
the approaching crest develops near the bottom. Late on the 9th, the deepest downstream currents 
approach the bottom, ADCP surface currents are 1.86 m/s, and the meander crest is more 
pronounced in the HFR surface currents (Figure 4.15). Offshore flow at the surface continues 
almost until the 10th, but onshore flow indicative of the approaching trough begins beneath 
100m. Strong positive shears in the downstream deepen to the bottom of the ADCP coverage 
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along the edge of the strong downstream flow associated with the crest, and some of the 
strongest shears of the time series appear around 100m. The bifurcation in the strong 
downstream currents seen in many of the crests develops the intricate downstream shear profile, 
alternating signs from surface to bottom: negative, positive, negative, and positive (Figure 4.9).  
 On the 10th (Figure 4.16) onshore currents shoal throughout the top 100m and mark the 
passage of the meander crest over the mooring (Figure 4.9). Surface currents are still 1.29 m/s, 
but are subsiding.  Finally, on the 11th (Figure 4.17), the trough with accompanying strong 
onshore currents in the upper 100 m is over the mooring (Figure 4.8). Although the trough is 
prominent in the radar surface currents, there isn’t flow reversal in this case. Thus, either the GS 
is in an onshore position, there isn’t a frontal eddy that accompanies this meander, or the frontal 
eddy is too weak to reverse the flow direction. Currents in the surface ADCP bin subside to 





Figure 4.10: Left: HFR surface currents on November 4 at 20:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 4 at 
20:00 GMT 
 
Figure 4.11: Left: HFR surface currents on November 5 at 20:00 GMT, with ADCP location at 




Figure 4.12: Left: HFR surface currents on November 6 at 20:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 6 at 
20:00 GMT 
 
Figure 4.13: Left: HFR surface currents on November 7 at 20:00 GMT, with ADCP location at 




Figure 4.14: Left: HFR surface currents on November 8 at 20:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 8 at 
20:00 GMT 
 
Figure 4.15: Left: HFR surface currents on November 9 at 20:00 GMT, with ADCP location at 





Figure 4.16: Left: HFR surface currents on November 10 at 20:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 10 
at 20:00 GMT 
 
Figure 4.17: Left: HFR surface currents on November 11 at 20:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 11 
at 20:00 GMT 
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4.3.5 - ADCP, HFR, and SST: Meander Event 2 
 What appears as a less developed meander event at the end of the month, November 26-
30, in the downstream ADCP velocities is compelling to examine because all three types of 
observations are available. It includes pronounced cyclonic circulation and significant 
convergence in the HFR surface currents, and quality SST images on two of the days.  
 The spatial context provided by the SSTs and HFR currents provide insight not available 
from the ADCP observations alone. Beginning on the 26th, with the end of the meander crest 
passage at the ADCP, a large trough appears in the HFR currents southwest of the mooring with 
strong convergence at the southwest edge of the trough apparent in the surface currents near the 
100m isobath (Figure 4.19). There is well established onshore flow, positive downstream shear, 
and negative cross-stream shear throughout most of the water column at the mooring (Figure 
4.9). On the 27th, upstream currents begin to increase from the bottom to about 100m below the 
surface with negative downstream shear. Shoreward flow over the entire water column (Figure 
4.9) is indicative of the approaching trough over the ADCP as seen in the HFR currents (Figure 
4.20). On the 28th, the trough is much less prevalent in the radar currents (Figure 4.21). Strong 
shears develop at about 100m in both the downstream and cross-stream directions with 
downstream and upstream currents, where some shoaling of small offshore currents meet 
onshore flow there. The transition in the HFR currents from the 27th-29th appears to show the 
mooring at the edge of a trough which subsides as a couple of small wavelength features 
propagate past it, such that on the 29th the mooring is again on a crest edge (Figure 4.22). The 
deepening in downstream currents on the 29th and concurrent downstream shear profile, and 
switch to offshore currents throughout much of the water column are also indicative of a crest 
over the ADCP as discussed in the other meander events (Figure 4.9). The SST image (Figure 
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4.23) confirms the presence of a crest over the instrument, and the strong convergence seen in 
the surface currents to the southwest. Note that the image does not appear to be rectified 
correctly, with warm shelf water in the sound, and a ghost coastline appearing landward of the 
actual coast that suggests the image is shifted to the northwest. On November 30th, the crest 
appears to propagate downstream in all of the observations. Onshore currents approach the 
instrument later on the 29th at depth, and surface and increase on the 30th. Upstream currents 
begin to shoal from below (Figure 4.9). HFR currents (Figure 4.24) indicate an approaching 
trough, and two SST images 3.5 hours apart (Figures 4.25 and 4.26) show downstream motion of 
the meander crest that brings the trough edge over the ADCP at 21:27 GMT.  
 The spatial context provided by the HFR currents over the 26th-30th suggest some 
intriguing meander fluctuations. The meander crest and trough almost appear to shift temporarily 
upstream before propagating downstream at the end of the time series- in Figure 4.20 on the 
27th, the ADCP appears to be on the edge of the trough, but on the 29th in Figure 4.22 it appears 
to be again on the edge of the crest.  More likely, the ADCP is on the edge of two separate 
troughs over the period as the ADCP record suggests, with significant daily evolution in the 
meander pattern. For example, the meander crest and trough are well defined in several of the 
HFR surface current snapshots, but much less so on the 28th. The surface currents on the 27th 
and 29th have well defined troughs. Meanders may evolve over short time periods, relaxing and 
re-intensifying here.  
 Estimates of meander phase speed from several of the HFR currents over the entire time 
series average about 2 km/hr or 48 km/day. The mean was derived by selecting the same 
prominent meander features in HFR currents six hours apart, and measuring distances between 
them on November: 7th from 12:00 to 18:00, 20th from 12:00 to 18:00, 27th from 00:00-06:00, 
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Figure 4.18: HFR surface currents on November 29th at 18:00 GMT with shelf water pulse, 
meander, and convergence, and location of wind measurements highlighted. 
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Figure 4.19: Left: HFR surface currents on November 26 at 18:00 GMT, with ADCP location at 
red asterisk. Right: ADCP downstream velocity contour with green vertical line at November 26 
at 18:00 GMT 
 
 
Figure 4.20: Left: HFR surface currents on November 27 at 18:00 GMT, with ADCP location at 
red asterisk. Right: ADCP downstream velocity contour with green vertical line at November 27 
at 18:00 GMT 
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Figure 4.21: Left: HFR surface currents on November 28 at 18:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 28 
at 18:00 GMT 
 
Figure 4.22: Left: HFR surface currents on November 29 at 18:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 29 
at 18:00 GMT 
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Figure 4.23: Left: HFR surface currents on November 29 at 18:00 GMT, with ADCP location at 
red asterisk Right: SST image on November 29th at 21:38 GMT. Note SST image does not 
appear to be rectified properly, and appears shifted to the northwest. 
 
Figure 4.24: Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP location at 
red asterisk Right: ADCP downstream velocity contour with green vertical line at November 30 
at 18:00 GMT 
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Figure 4.25: Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP location at 
red asterisk Right: SST image on November 30th at 17:55 GMT. 
 
 
Figure 4.26: Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP location at 




4.3.6 - Discussion 
 Observations off Cape Hatteras during November 2014 have both confirmed meander 
evolution characteristics seen in previous studies, and revealed new details in this less studied 
GS meander transition region. Several meander attributes identified in these observations are in 
agreement with previous studies. The time for an increase and deepening of the downstream 
current with approaching crests is usually longer than that for the decrease and shoaling, 
resulting in the familiar skewed crest with the leading portion being longer than the trailing. 
Local maxima in current and temperature at the mooring occur simultaneously, and are usually 
lead by offshore currents in the upper water column much like that presented by Bane et al. 1981 
(Figure 4.28). The average meander phase speed of ~48 km/day estimated from the HFR currents 
is slightly faster in this region than the 30-40 km/day seen in Onslow Bay of southern North 
Carolina (Brooks and Bane, 1981), and is consistent with the 46-50 km/day observed for a 
frontal eddy propagating past Cape Hatteras (Glenn and Ebbesmeyer, 1994), and 40-55 km/day 
meander propagation (Savidge, 2004).  
 Current flow around meanders observed in the HFR surface currents tends to be 
consistent with modeled circulation. Note the agreement in the offshore deflection, cyclonic 
circulation, and acceleration around the meander trough between the modeled and observed 
currents (Figure 4.27) (Gula et al. 2016 and Miller and Lee, 1995). 
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Figure 4.27: (left - from Miller and Lee, 1995): Similar surface current circulation around a 
meander trough between modeled (left) and HFR observed currents (right) 
 Potential causes for the intense convergence in the HFR surface currents that appears 
along the southwest edge of the meander trough in the November 26th-30th event (Figure 4.18) 
have also been discussed previously. Past observations and high-resolution modeling (dx=150m) 
of submesoscale GS eddies have established frontal jets with high confluence on the upstream 
side of meander troughs (Gula et al., 2016).  An additional contribution may come from shelf 
water export in the vicinity. During the event, the wind at Diamond Shoals increased to 13 m/s 
out of the south, then swung more west northwest on the 26th by about 1800 GMT. It then 
subsided on the 27th before increasing again from the NW on November 28th. It blew NW at 10-
12 m/s most of the day, then subsided again to less than 10 m/s on the 29th for the rest of the 
time period (US Dept. of Commerce, 2019). The building south winds shifting to the north from 
the passage of a cold front, and the warm GS filament flooding the South Atlantic Bight (SAB) 
may have caused convergence and export of shelf water that enhanced the strong convergence at 
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the meander trough (Churchill and Gawarkiewicz, 2012). Notable pulses of water from the shelf 
offshore, seen in the HFR currents, appear to contribute to the convergence at the trailing edge of 
the trough on the 26th (Figure 4.19), 27th (Figure 4.20), and 29th (Figure 4.23).  
 The combination of the well-resolved currents over the water column and higher 
frequency consistent spatial context from the HFR currents provide powerful tools that identify 
new details of the meander evolution here as well. The downstream current component from the 
ADCP exhibits much more exaggerated skewness in the upper 100m of the water column during 
the November 5-11th and 17-22nd events (Figure 4.8) than that established in Bane et al. 1981 
(Figure 4.28). The increase in downstream currents in the top 100m leads that at depth by several 
days in multiple instances, while crests depart at depth about a day before downstream currents 
subside at the surface. Onshore currents that precede troughs often begin just below 100m prior 
to increasing at the surface. Also, the abrupt temperature increases at the mooring on the 9th, 
14th, and 19th are unlike the gradual increase that coincides with increasing ‘v’ in Figure 4.28, 
while the simultaneous occurrence of maxima in ‘v’ and ‘T’ are consistent.  
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Figure 4.28: (from Bane et al. 1981): Meander kinematics, and associated changes in cross-
stream current (u), downstream current (v), and temperature (T). 
 Although three similar meander events occur during the month, all are different in several 
ways including event duration, time for crest and trough approach that defines the degree of 
skewness, amount of temperature increase at the mooring, depth and magnitude of downstream 
and cross-stream velocity and associated shears. The degree to which the GS is onshore or 
offshore of the mooring may contribute significantly to the differences. An example of the 
influence of GS position relative to the mooring is evident in the unique November 1-4 event. 
The strong upstream current and offshore flow near the surface between the 2nd and 3rd that 
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corresponds to the highest temperature at the mooring may be indicative of a strong frontal eddy 
offshore of the mooring. The algorithm (from dissertation chapter 2) shows the GS moving 
offshore during this period along the HATY 87 degree bearing closest to the mooring. The strong 
upstream currents near the surface on the ADCP between the 2nd and 3rd coincide with the 
largest change in GS position along the 87 degree bearing (Figure 4.29).  Quality SST’s late on 
the 3rd and 4th (Figures 4.30 and 4.31) following the strong upstream flow at the surface on the 
ADCP, show a large filament pulling away from the ADCP that was possibly spawned by a 
strong frontal eddy, and contributed to the temperature spike at the mooring. Although, previous 
studies suggest shallow filaments, or “shingles” (Von Arx et al. 1955) don’t persist to the 
mooring depth of 260m (Bane et al. 1981). 
 
Figure 4.29: (from Figure 4.8, of dissertation chapter 2): Estimates of the range to the edge 




Figure 4.30: SST image on November 3rd at 17:52 GMT. 
 134 
 
Figure 4.31: SST image on November 4th at 18:01 GMT. 
 The downstream and cross-stream shears also provide new information about the 
dynamics in this energetic region. Maxima in the downstream shears are nearly an order of 
magnitude greater than those observed in the stream just to the northeast after it parts from the 
continental margin (Whitt et al. 2018). The greatest shear magnitudes are often found well below 
the gradient between the highest velocities in the top 100m of the jet (dissertation chapter 3, 
Figure 3.4), and often persist to the bottom in the downstream direction (Figure 4.9). The 
bifurcation in the deepening increase in downstream velocity produces strong shears that 
alternate in sign, not consistent with the monotonic shoaling of the thermocline in typical 
depictions of the GS. They may be due to vertical mixing of momentum from the turbulence in 
the surface layer that leads to a “turbulent thermal wind balance” (Gula et al. 2014), or from the 
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presence of a cold-core frontal eddy that causes isopycnals to slope in the opposite direction 
from the landward GS edge. The cross-stream shears are even more intricate, often changing sign 
more than four times throughout the water column.  
 
4.3.7 - Conclusions and Future Work 
 The observations presented herein provide rich new information about meander structure 
and dynamics off Cape Hatteras, NC. While they provide new understanding of meander 
evolution here, they also expound upon the complexity and challenge of understanding the 
connections between the dynamics north and south of the cape in this important transition region. 
The observations suggest that meanders can persist past this transition region, and that they may 
evolve substantially here. There are several factors that may contribute to this evolution. The 
large degree of skewness in several of the observed meander crests implies energy transfer from 
the meander to the mean flow (Bane et al. 1981). The steepening bottom slope tends to enhance 
the conversion of eddy kinetic energy back into the mean flow (Gula et al. 2016). The degree of 
this evolution, and its effect on GS meander evolution downstream in not well understood 
(Savidge 2004).  
Recent studies provide evidence of a significant velocity increase as the GS leaves the 
continental margin. Several cross-stream vessel transects measuring GS velocity both up and 
downstream of Cape Hatteras measured accelerations in near-surface velocities from 1.4 m/s at 
the southernmost transect to 2.5 m/s northeast of Cape Hatteras (vessel transects: chapter 3 of 
this dissertation and Andres et al. 2018).  Additional evidence for acceleration is provided by the 
HFR surface currents (Haines et al. 2017) and in their long-term means (Updyke, 2017), but 
whether meander evolution and decay here substantially contributes has not been quantified. 
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Future work will utilize longer time series from the observations to attempt to quantify the 





APPENDIX:  FIGURES 
 
Chapter 2 - Figures: Gulf Stream Position, Width, and Orientation Estimates with HF 
Radar off Cape Hatteras, N.C. 
 
Appendix Figure 2.1:  HATY mean radial speeds for November 2014, and bearings selected for 
use by the algorithm used for GS analysis. The red star on land is the HATY radar location. 
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Appendix Figure 2.2:  CORE mean radial speeds for November, 2014, and bearings selected for 
the algorithm used for GS analysis. The red star on land is the radar location. 
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Appendix Figure 2.4:  (a) Raw radial speeds along the HATY 72 degree bearing, and (b) 
smoothed radial speeds with the algorithm selection for the edge (lesser range) and jet (greater 
range) after cubic spline smoothing with time periods where a sufficient number of radial 




Appendix Figure 2.5:  Three different examples of HF radar bearing relative to the GS flow. In 
a. the GS is perpendicular to the radar bearing, and no GS estimates are possible, in b. the GS is 
parallel to the radar bearing, and accurate estimates of the jet are not available, and in c. the 





Appendix Figure 2.6:  A map of the two HF radars, CORE and HATY, and the bearings selected 
by the algorithm for GS measurements. The dark isobath offshore is the 100 m isobath. Blue 
diamonds are the edge estimates for the HATY 72 and 87 degree bearings, and the blue line 
connecting them is the GS orientation estimate associated with them. The black boxes along the 




Appendix Figure 2.7:  (a) raw radial speeds along the CORE 72 degree bearing, and (b) 
smoothed radial speeds with the algorithm selection for the edge (lesser range) and jet (greater 




Appendix Figure 2.8:  Estimates of the range to the edge (blue) and jet (black), with magenta 




Appendix Figure 2.9:  HATY 72 degree bearing estimates of the range from the radar along the 
bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), 
GS edge (blue) and jet (black) orientation estimates between bearings separated by 15 degrees 
(c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, and the 





Appendix Figure 2.10:  HATY 87 degree bearing estimates of the range from the radar along the 
bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), 
GS edge (blue) and jet (black) orientation estimates between bearings separated by 15 degrees 
(c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, and the 






Appendix Figure 2.11:  HATY 167 degree bearing estimates of the range from the radar along 
the bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections 
(b), GS edge (blue) and jet (black) orientation estimates between bearings separated by 15 
degrees (c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, 
and the CSZ width (d) defined as the distance between the edge and jet estimates. All curves are 





Appendix Figure 2.12:  HATY 182 degree bearing estimates of the range from the radar along 
the bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections 
(b), GS edge (blue) and jet (black) orientation estimates between bearings separated by 15 
degrees (c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, 
and the CSZ width (d) defined as the distance between the edge and jet estimates. All curves are 




Appendix Figure 2.13:  Estimates of the range to the edge (blue) and jet (black), with magenta 





Appendix Figure 2.14:  CORE 72 degree bearing estimates of the range from the radar along the 
bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), 
GS edge (blue) and jet (black) orientation estimates between bearings separated by 15 degrees 
(c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, and the 





Appendix Figure 2.15:  CORE 87 degree bearing estimates of the range from the radar along the 
bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections (b), 
GS edge (blue) and jet (black) orientation estimate between bearings separated by 15 degrees (c) 
with red horizontal lines showing the radar bearing and bearing orthogonal to it, and the CSZ 





Appendix Figure 2.16:  CORE 147 degree bearing estimates of the range from the radar along 
the bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections 
(b), GS edge (blue) and jet (black) orientation estimate between bearings separated by 15 
degrees (c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, 
and the CSZ width (d) defined as the distance between the edge and jet estimates. All curves are 
cubic spline fits. 
 
 
Appendix Figure 2.17:  CORE 162 degree bearing estimates of the range from the radar along 
the bearing to the edge and jet (a), radial velocities at the edge (blue) and jet (black) selections 
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(b), GS edge (blue) and jet (black) orientation estimate between bearings separated by 15 
degrees (c) with red horizontal lines showing the radar bearing and bearing orthogonal to it, 
and the CSZ width (d) defined as the distance between the edge and jet estimates. All curves are 
cubic spline fits. 
 
 
Appendix Figure 2.18:  A map of radar locations, coastline, isobaths (m), and mean edge and jet 
ranges, blue and black squares respectively, along each radar bearing for the month of 




Appendix Figure 2.19:  Radar locations, coastline, and selected bearings from each radar. The 
most correlated HATY 182 and CORE 87 bearings are highlighted in red, with blue squares at 




Appendix Figure 2.20:  Radial velocity values and GS edge distance estimates from CORE 87 






Appendix Figure 2.21:  Image of the graphical user interface that allows radar bearings 




Appendix Figure 2.22:  Image of the graphical user interface that allows a user to select edge 
and jet locations along HATY bearings, image quality as ‘1’, ‘2’, or ‘3’, and assigns bearing 
selections as north 1 (N1), north 1 filament (N1-F), etc.  based on the SST, and stores the 




Appendix Figure 2.23:  Ranges from the selected HATY bearings with SST selections over-laid 




Appendix Figure 2.24:  Cross-stream GS speed along the Cape Hatteras 
Transect east of Cape Hatteras (identified in a subsequent chapter), with CSZ 







Appendix Figure 2.25:  Cross stream current transects of GS velocitymade from a large ship 
during April, 2017 at 6 different locations off Cape Hatteras, NC. Currents were measured to 
water depths of 1500m along these transects. Arrows indicate the downstream direction chosen 










Chapter 3 - Figures: Gulf Stream Marine Hydrokinetic Energy off Cape Hatteras, North 
Carolina 
 
Appendix Figure  3.1:  Observation focus area off Cape Hatteras, N.C. USA along the ‘Cape 
Hatteras Line’ (cyan line across the Gulf Stream) at ~350N. Orange ‘X’s mark coastal ocean 
radar locations that produce the surface currents measurements shown by arrows in the 
background where hotter colors represent faster currents, three yellow push pins indicate the 
beginning of small vessel transects to measure currents, mooring location to measure currents, 
and offshore extent of small vessel transect respectively. Transects currently extend ~70 km 
offshore from the 100m isobath, to the eastern edge of the Gulf Stream where currents are less 




Appendix Figure  3.2:  Time series of the power density at 75 m from August 1, 2013 through 
April 28, 2014. Model time series is shown in red and ADCP time series in blue. The red 
horizontal bar shows the model power density average of 641 W/m2, and the blue horizontal bar 
shows the ADCP power density of 798 W/m2 (from Lowcher et al., 2014). 
 
 
Appendix Figure  3.3:  Five-year model annual power density averages from 2009-2013 at 75 m 
at multiple stations on the Cape Hatteras Line with locations given in Table 3.1. Red vertical 




Appendix Figure  3.4:  Large vessel cross stream current transects made in April, 2017 at 6 
different locations off Cape Hatteras, NC. Currents were measured to water depths of 1500m 
along these transects. Subfigures follow that are the velocity cross sections from north to south, 
with border color matching corresponding transect color on the map. Arrows indicate the 










Appendix Figure  3.5:  Vessel Miss Caroline measurements along the Cape Hatteras transect 











Appendix Figure  3.6:  Left to right: Downstream velocity magnitude, shear with depth (ᑯv/ᑯz), 
and shear with cross stream distance (ᑯv/ᑯx). Vertical black line denotes the location of a CTD 
cast, from surface to bottom, and white curves delineate measurements made by each of 3 




Appendix Figure  3.7:  Downstream ‘v’ and cross stream ‘u’ velocity components measured from 




Appendix Figure  3.8:  Profiles of the S2 derived directly from the cast 54 velocity measurements 




Appendix Figure  3.9:  Smoothed profiles of the buoyancy frequency squared derived directly 
from the potential density measured on CTD cast 54. 
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Appendix Figure  3.10: Richardson number profile derived from ADCP velocity measurements 




Appendix Figure  3.11:  Water speed from 3 years and nine months (A) of current measurements 
made from the NCROEP 150 kHz ADCP mooring (location shown in Figure 3.1) with the last 
eight months of 2014 highlighted from May 2014 - January 2015, the second deployment 
showing cross stream velocity ‘U’ (B), direction of the maximum current  (C) ,  and downstream 
velocity ‘V’ (D). Positive downstream is toward the northeast at 49 degrees, positive cross-











Appendix Figure  3.12:  Current measurements made at the transects shown in Figure 3.4 from 
north to south, A-F. The border colors of each figure coincide with the transect color in Figure 
3.4. Black contours are locations where data are not available. Cross-stream scales are the 




Appendix Figure  3.13:  Downstream and cross-stream velocities and shears during the second 
mooring deployment from May 2014 - January 2015. 
 
Appendix Figure  3.14:  ADCP observations from November 2014 from top to bottom: 
downstream direction for the maximum velocity vector with the red line being the mean of 46 
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true compass degrees, cross-stream velocity as a function of depth and time, top ADCP bin 
velocity vector, and the downstream velocity as a function of depth and time. 
 
 
Appendix Figure  3.15:  Mean downstream and cross-stream velocities and shears for each 
ADCP mooring deployment. Each color represents the deployment shown in the legend, with 




Appendix Figure  3.16:  Mean downstream (left) and cross-stream (right) shear profiles for the 5 
ADCP moorings. The curve in the middle is the mean, the dotted curves on either side are +/- 
one standard deviation from the mean, and the outer curves are the maxima and minima for each 
deployment time series. 
 
Appendix Figure  3.17:  Three years of CTD measurements from the ADCP pod at depths that 
range from ~225-260 m (Figure 3.1) show the different water masses present at the pod. Water 
mass classification as given in Flagg et al., 2002 are Mid Atlantic Bight (MABW), South Atlantic 
Bight Water (SABW), Deep Slope Water (DSIW), Gulf Stream Water (GSW), and Deep Slope 






Appendix Figure  3.18:  Velocity structure of the stream on the Cape Hatteras Line when it abuts 




Appendix Figure  3.19:  Power density, P derived from small vessel velocity measurements 













Chapter 4 - Figures: An Observation-based Study of Meander Kinematics off Cape 
Hatteras, N.C. 
 
Appendix Figure 4.1:  Gulf Stream meander SST image and associated volume view (from Bane 





Appendix Figure 4.2:  A map of the study focus region. ADCP mooring is the star offshore of the 





Appendix Figure 4.3:  Mean GS edge and jet positions at blue squares and black squares 
respectively, along select HFR bearings from CORE and HATY for November 2014. The ADCP 











Appendix Figure 4.5:  The GS edge location distributions from the algorithm for select CORE 




Appendix Figure 4.6:  The GS jet axis location distributions from the algorithm for select CORE 





Appendix Figure 4.7:  Downstream velocity from the month-long ADCP time series with 
identified meander features. The area in black is where data are not available.   
 
 
Appendix Figure 4.8:  Downstream and cross-stream velocities with accompanying bottom 
temperatures on the mooring from the ADCP. Three meander crests with similar characteristics 
are boxed. Black contour curves outline velocity zero crossings. 
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Appendix Figure 4.9:  ADCP downstream and cross-stream velocities with associated 





Appendix Figure 4.10:  Left: HFR surface currents on November 4 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 4 at 20:00 GMT 
 
Appendix Figure 4.11:  Left: HFR surface currents on November 5 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 




Appendix Figure 4.12:  Left: HFR surface currents on November 6 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 6 at 20:00 GMT 
 
Appendix Figure 4.13:  Left: HFR surface currents on November 7 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 7 at 20:00 GMT 
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Appendix Figure 4.14:  Left: HFR surface currents on November 8 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 8 at 20:00 GMT 
 
Appendix Figure 4.15:  Left: HFR surface currents on November 9 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 




Appendix Figure 4.16:  Left: HFR surface currents on November 10 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 10 at 20:00 GMT 
 
Appendix Figure 4.17:  Left: HFR surface currents on November 11 at 20:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 




Appendix Figure 4.18:  HFR surface currents on November 29th at 18:00 GMT with shelf water 




Appendix Figure 4.19:  Left: HFR surface currents on November 26 at 18:00 GMT, with ADCP 
location at red asterisk. Right: ADCP downstream velocity contour with green vertical line at 
November 26 at 18:00 GMT 
 
 
Appendix Figure 4.20:  Left: HFR surface currents on November 27 at 18:00 GMT, with ADCP 
location at red asterisk. Right: ADCP downstream velocity contour with green vertical line at 
November 27 at 18:00 GMT 
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Appendix Figure 4.21:  Left: HFR surface currents on November 28 at 18:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 28 at 18:00 GMT 
 
Appendix Figure 4.22:  Left: HFR surface currents on November 29 at 18:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 29 at 18:00 GMT 
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Appendix Figure 4.23:  Left: HFR surface currents on November 29 at 18:00 GMT, with ADCP 
location at red asterisk Right: SST image on November 29th at 21:38 GMT. Note SST image 
does not appear to be rectified properly, and appears shifted to the northwest. 
 
Appendix Figure 4.24:  Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP 
location at red asterisk Right: ADCP downstream velocity contour with green vertical line at 
November 30 at 18:00 GMT 
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Appendix Figure 4.25:  Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP 
location at red asterisk Right: SST image on November 30th at 17:55 GMT. 
 
 
Appendix Figure 4.26:  Left: HFR surface currents on November 30 at 18:00 GMT, with ADCP 




Appendix Figure 4.27:  (left - from Miller and Lee, 1995): Similar surface current circulation 
around a meander trough between modeled (left) and HFR observed currents (right) 
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Appendix Figure 4.28:  (from Bane et al. 1981): Meander kinematics, and associated changes in 
cross-stream current (u), downstream current (v), and temperature (T). 
 
 
Appendix Figure 4.29:  (from Figure 4.8, of dissertation chapter 2): Estimates of the range to the 




Appendix Figure 4.30:  SST image on November 3rd at 17:52 GMT. 
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